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ABSTRACT 
Part I: Development of New Methods for 
Application in Multicatalytic Reactions 
 
Part II: Investigation of Stable Carbenium Catalysts  
as Hydride Transfer Agents 
 
Lisa M. Ambrosini Vadola 
 
 Part I of this thesis focuses on the development of novel synthetic methods and 
investigations into their incorporation into multicatalytic reactions.  The first chapter 
describes the development of a bismuth(III)triflate catalyzed hydrocarboxylation reaction 
of unactivated alkenes to synthesize lactones.  Efforts toward applying this new 
methodology in multicatalytic sequences are described. 
 In the second chapter, the development of palladium(II) mediated oxidative 
formylation and ketonylation methods to construct complex aldehydes and ketones is 
presented.  Investigations into the oxidative formylation mechanism revealed the 
formation of a stable acylpalladium hydride intermediate that could be manipulated in 
situ allowing for the formation of other functionality.  These methods were shown to be 
compatible in multi-transformation processes leading to the synthesis of complex 
heterocyclic products in a single reaction vessel. 
 The third chapter describes the total synthesis of members of the Tylophora 
alkaloid family of  molecules using a key oxidative carbonylation step.  Application of a 
tandem palladium(II) catalyzed aminochlorocarbonylation /  indium(III) catalyzed 
Friedel-Crafts acylation led to the rapid construction of the key intermediate in these 
syntheses in a one-pot reaction.  The concise syntheses of both 13a-!-secoantofine and 
antofine using this multicatalytic strategy are presented.  
 The second part of this thesis describes the study of stable carbocations as 
catalysts for hydride transfer reactions.  Both cyclopropenium and trityl catalysts are 
investigated in a reductive etherification method.  A study of trityl catalyst structure and 
initial investigations into the development of chiral trityl catalysts are presented. 
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 Organic chemists have provided the scientific community with a plethora of 
reaction methods, reagents, catalysts and synthetic routes for application in chemical 
synthesis.  In fact, chemists can likely synthesize any small molecule in existence with 
sufficient resources using the synthetic technology available today.  Despite these great 
advancements, chemical synthesis cannot compete with the efficiency offered by 
multienzymatic systems found in Nature.  Traditional synthetic approaches rely heavily 
on iterative synthesis, which is maximally inefficient.   
 Iterative synthesis is the process of conducting a single reaction at a time, 
followed by a workup procedure and usually a purification step (Fig. 1a).
1
  After 
isolation of the intermediate, it is subjected to another single reaction and proceeds 
through this same pattern of stepwise transformations until the desired molecule is 
achieved.  This approach to synthesis is uneconomical in time, effort, materials, and 
money and creates an immense amount of waste, particularly when the necessary workup 
and purification steps are considered.  In addition, these factors can reduce the overall 
yield of the synthetic route using stepwise synthesis.    
 In response to this deficiency in organic synthesis, there has been growing interest 
in the field of multicatalysis.
2
  Using this approach, a starting material is subjected to two 
or more catalytic cycles in a single reaction pot (Fig. 1b).  Thus, the starting material first 
undergoes a catalytic reaction to form an intermediate that is then transformed in a 
second catalytic reaction to produce the desired more complex product without isolation 
of the intermediate.  Multicatalysis reduces the number of purification and workup steps, 
which in turn minimizes waste as well as time and effort.  It also can potentially decrease 
the amount of solvent, reagents and catalysts used in the overall transformation.  Another 
! 3!
benefit of this approach is the ability to avoid isolation of highly reactive or unstable 
intermediates, which can be used in situ and therefore likely increase the efficiency of the 
transformation.  Building complex products from simple starting materials can shorten 
synthetic routes and increase the overall yield of the synthesis.           
Figure 1.  Iterative Synthesis versus Multicatalysis 
 
 
 A number of different terms have been applied in describing this approach to 
synthesis, including tandem, cascade, and sequential catalysis.  In general, “tandem 
catalysis” or “cascade catalysis” are used interchangeably to describe a multicatalytic 
reaction where the product of the first catalytic transformation undergoes a subsequent 
catalytic transformation (by the same or another catalyst) without a change in the reaction 
conditions.  On the other hand, “sequential catalysis” usually describes a multicatalytic 
reaction where a change of reaction conditions, such as addition of reagents or change in 
temperature is necessary to initiate the second catalytic cycle.  Despite the differences, 
the goals and benefits of these approaches when compared to iterative synthesis are the 
same.  Therefore, we use “multicatalysis” as an all-encompassing term to represent any 
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combination of two or more catalytic cycles in the same reaction pot that utilize one or 
more catalysts and eliminate intermediate isolation steps.     
Recently, there has been much interest in the development of new multicatalytic 
reactions.  A number of different approaches to multicatalytic reaction development have 
been reported.  A selection of recent examples will be reviewed to highlight some of 
these approaches and the benefits that they offer as compared to traditional iterative 
synthesis.   
 One such approach is to utilize a single catalyst that participates in two distinct 
catalytic cycles.  For example, Xiao and coworkers have demonstrated the versatility of 
ruthenium in a tandem cross-metathesis / hydroarylation sequence to generate 
tetrahydrocarbazole 3 in high yield catalyzed by the Hoveyda-Grubbs second generation 
catalyst 4 (Fig. 2a).
3
  The reaction was scaled to provide over six grams of product in 
90% yield using the same low catalyst loading (3 mol %), which highlights the potential 
preparative utility of multicatalytic reactions.  Single Lewis acid catalysts have also 
proven effective in catalyzing multiple reactions in a multicatalytic sequence, such as the 
tandem Diels-Alder / diethylzinc addition reported by Ding and Du (Fig. 2b).
4
  In this 
example, chiral zinc catalyst 7 induces asymmetry in the hetero-Diels-Alder between 
dialdehyde 5 and Danishefsky’s diene to provide the highly functionalized product in 
high enantio- and diastereoselectivity.  The ability of organocatalysts to provide either 
HOMO-raising or LUMO-lowering activation has made them highly effective in 
multicatalysis.  This versatility has been exemplified by MacMillan’s imidazolidinone 
organocatalysts, which can perform both roles in catalyzing a tandem conjugate addition / 




Figure 2.  Multicatalytic Reactions Utilizing One Catalyst 
 
 Despite the additional challenge of addressing compatibility among catalysts, 
employing two catalysts in a multicatalytic reaction offers greater diversity in the types 
and numbers of transformations that can be accessed.  Consequently, much effort has 
been focused on this approach to multicatalysis.  The synthetic versatility and general 
compatibility of transitions metals has made them the basis for numerous multicatalytic 
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alcohol oxidation / rhodium(I) catalyzed methylenation to provide diene 11 in 87% yield, 
compared to 62% yield achieved in performing the stepwise procedure (Fig. 3a).
6
  This 
reaction exemplifies the potential for higher synthetic efficiency with multicatalytic 
systems.  Also of growing interest is the combination of multiple organocatalysts for the 
development of multicatalytic reactions.  For example, Rovis and Lathrop reported a 
tandem conjugate addition / benzoin reaction sequence catalyzed by a proline derivative 
14 and N-heterocyclic carbene 15, respectively, to generate highly functionalized 
cyclopentanone products (Fig. 3b).
7
  This reaction generates an intermediate aldehyde, 
which is unstable when left standing, resulting in decreased overall yield and 
enantioselectivity in the stepwise process.  This observation highlights the benefit of 
avoiding isolation of unstable intermediates when utilizing a multicatalytic system.            
 Though fewer examples have been reported, there are also multicatalytic reactions 
that employ two distinct types of catalysts.  Szabó and Selander have shown the 
compatibility of a Bronsted acid catalyst with a transition metal in the tandem 
palladium(II) catalyzed borylation / tosic acid catalyzed borono-Mannich reaction which 
produces complex amino acids (Fig. 3c).
8
  This method was developed to address the 
difficulty of preparing highly reactive allyl boronates, allowing for their synthesis in situ 
and direct use to avoid isolation.  Another example of combining two different types of 
catalysts is the rhodium(I) catalyzed hydroformylation / proline catalyzed 
enantioselective aldol cascade reported by Eilbracht and Chercheja (Fig. 3d).
9
  In this 
combination of a transition metal with an organocatalyst, there were no compatibility 
issues between the catalysts, nor did the hydroformylation conditions affect the 
stereocontrol of the aldol reaction.  
! 7!
Figure 3.  Multicatalytic Reactions Utilizing Two Catalysts 
 
As the field of multicatalysis has developed, there has been more interest in 
extending multicatalytic sequences to include more than two catalytic cycles, though the 
challenge in achieving such processes has led to few examples to date.  MacMillan and 
coworkers have developed a sequence that successfully combines a transition metal 
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synthesis of complex butenolide 21 in good yield and high enantioselectivity (Fig. 4).
10
  
In this process, Grubbs II catalyst is employed for a cross metathesis reaction, followed 
by an imidazolidinone catalyzed conjugate addition, and finally a proline catalyzed aldol 
reaction.  This sequence exemplifies the power of multicatalysis in constructing highly 
complex products in one pot from simple starting materials.      
Figure 4.  Triple Catalytic Cascade 
 
 The Lambert group has established a research program which focuses on the 
development of new multicatalytic reactions.  Our approach to multicatalysis centers on 
(1) the invention of new strategies to access privileged organic motifs more efficiently 
and (2) the development of new chemical technologies to facilitate these processes.  The 
goals are to develop novel methods to construct important molecular architectures and to 
offer the synthetic community new synthetic retrons.  Our outlook on multicatalysis is 
that it is a platform to inspire the design of new methods and discover new reactions.  
Over the past few years, we have particularly focused on the development of new 













































 One area of research has focused on the development of Bi(OTf)3 catalyzed 
intramolecular hydrofunctionalization reactions and their application in multicatalysis.  
Dr. Brendan Kelly has shown that Bi(OTf)3 efficiently catalyzes the hydroalkoxylation of 
alkenyl alcohols to construct tetrahydropyrans and tetrahydrofurans (Fig. 5a).  Working 
with Julia Allen and Rachel Tundel, he applied this methodology in tandem nucleophilic 
addition / hydroalkoxylation sequences in which Bi(OTf)3 catalyzes both reactions (Fig. 
5b).  Chapter 1 of this thesis describes the development of a Bi(OTf)3 catalyzed 
hydrocarboxylation method and attempts at incorporation in multicatalytic sequences. 
Figure 5.  Bi(OTf)3 Catalyzed Hydroalkoxylation 
 
 Our group has also introduced multicatalytic reactions incorporating oxidative 
carbonylation methods inspired by the work of Semmelhack and Hegedus.  Dr. Tim 
Cernak reported a tandem aminochlorocarbonylation / Friedel-Crafts protocol to 
construct complex ketone products (Fig. 6).  The utility of this method has been 































b)  Tandem Mukaiyama Aldol / Hydroalkoxylation
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Chapter 3.  The development of new oxidative formylation and ketonylation methods is 
described in Chapter 2.         
Figure 6.  Tandem Aminochlorocarbonylation / Friedel-Crafts  
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I.1: Inspiration for the Development of a Bi(OTf)3 Catalyzed Hydrocarboxylation   
The Lambert group has established a program focusing on the development of 
novel, multicatalytic methodologies directed towards the construction of complex oxygen 
and nitrogen-containing heterocycles.  One major area of research has concentrated on 
the development of Lewis acid catalyzed hydrofunctionalizations of unactivated olefins 
that are amenable to incorporation in multicatalytic sequences.  One such example is the 
synthesis of cyclic ethers from simple alkenyl aldehydes.  In the initial reaction design, a 
single Lewis acid would catalyze a nucleophilic addition to an unsaturated aldehyde 
substrate followed by hydroalkoxylation of the alcohol intermediate to produce complex 
tetrahydropyran and tetrahydrofuran products in a single reaction pot (Fig. 1a).  This 
design required identification of a suitable Lewis acid that would catalyze both of the 
desired transformations.  Dr. Brendan Kelly, a fellow graduate student, identified 
Bi(OTf)3 as an efficient catalyst for the hydroalkoxylation reaction to furnish 




























Given the efficiency of the hydroalkoxylation protocol, we became interested in 
exploring other Bi(OTf)3 catalyzed hydrofunctionalization reactions for the synthesis  of 
other complex cyclic products.  In particular, we envisioned the application of Bi(OTf)3 
as a catalyst for the hydrocarboxylation of unsaturated carboxylic acids to construct 
lactones.  This methodology could offer a useful alternative to current 
hydrocarboxylation methods (Fig. 2).  
Figure 2.  Proposed Bi(OTf)3 Catalyzed Hydrocarboxylation 
 
 
I.2: Synthesis of Lactones via Hydrocarboxylation of Unsaturated Carboxylic Acids 
Lactones are commonly found in a large variety of natural products and 
pharmaceuticals.
2
  Consequently, there has been great attention spent on the synthesis of 
lactones.  One common method of lactone formation is the cyclization of unsaturated 







In this approach, the electrophilic reagent 
activates the olefin for nucleophilic attack by the pendant functional group to construct 
the cyclic product.  The cyclization is followed by a separate reduction step to remove the 
undesired functional group (Fig. 3a).  These methods suffer from the use of toxic 
reagents and the necessity of this two-step protocol when the additional functionality is 

















As an alternative to these two step procedures, cycloisomerization methods have 
been introduced that require only a single step (Fig. 3b).  The use of strong acid (usually 
stoichiometrically) offers a one step process, but often requires harsh conditions.
5
  
Transition metal variants have been developed, but these suffer from the need for 
expensive catalysts.
6
  More recently, methods have been introduced that employ catalytic 






  While these methods are 
efficient, the Lewis acids reported can be toxic, harsh or highly reactive, which can limit 
the substrate scope.   
Since its first report as an effective Lewis acid in 1997,
10
 Bi(OTf)3 has garnered 
much attention and has been shown to be an efficient catalyst in a number of chemical 
transformations.
 11
   Bi(OTf)3 is a relatively inexpensive, commercially available catalyst.  
It is non-toxic because of the insolubility of its salt in neutral aqueous solutions, which 
also makes it “green.”  The milder, non-toxic and environmentally benign nature of 









Y = X, SeAr, Hg(OTFA)














I.3: Application of Bi(OTf)3 Catalyzed Hydrocarboxylation in Multicatalysis 
The development of a Bi(OTf)3 catalyzed hydrocarboxylation methodology would 
not only offer a novel method to synthesize simple lactones, but presents the opportunity 
for the invention of new multicatalytic technologies to construct complex lactones.  
Bi(OTf)3 has been shown to be an effective Lewis acid in a variety of applications
11
 and 
has potential to be generally compatible in a number of multicatalytic reaction systems.  
Utilized on its own or in combination with a second catalyst, Bi(OTf)3 could catalyze one 
or more transformations in sequence with the hydrocarboxylation method to produce 
more complex lactone products (Fig. 4).  The incorporation of this reaction as a later step 
in a multicatalytic sequence could enable the masking of the potentially sensitive or 
reactive carboxylic acid functionality, allowing it to be present during other 
transformations and then later revealed for cyclization.  Such technologies could offer the 
synthesis community new precursor motifs to consider when synthesizing lactones.  






II. Results and Discussion 
II.1: Bi(OTf)3 Catalyzed Hydrocarboxylation: Optimization and Substrate Scope 
 To begin our studies of the hydrocarboxylation, simple alkenyl acid 3 was 
subjected to standard conditions used in the hydroalkoxylation methodology.  Using 10 













alkenyl acid 3 to lactone 4 in three hours.  With this initial success, a series of solvents 
were screened (Table 1).  Nitromethane was shown to also be an effective solvent in this 
transformation (entry 2).  The desired product was also achieved using toluene as a 
solvent, but in lower yield and over a longer reaction time (entry 3).  All other solvents 
screened failed to produce any desired product (entries 4-7).  Obtaining nearly the same 
high yield with both nitromethane and DCE, we chose to use DCE since it is more cost 
effective and we hypothesized that it would likely be more amenable to application in 
multicatalytic reactions.  We also discovered that we could successfully decrease catalyst 
loading to 5 mol % without a significant loss in yield (Fig. 5). 
Table 1.  Solvent Screen for Bi(OTf)3 Catalyzed Hydrocarboxylation 
 
a Yield determined by 1H NMR analysis using Bn2O as an internal standard. 
Figure 5.  Optimized Conditions for Bi(OTf)3 Catalyzed Hydrocarboxylation 
 
Entry Solvent Time (hr) Yield (%)a
1 DCE 3 93
2 MeNO2 3 96
3 Toluene 24 63
4 DMSO 24 0
5 DMF 24 0
6 MeCN 24 0






















Table 2.  Substrate Scope for Hydrocarboxylation
a 
 
a Reactions were performed using 5 mol % Bi(OTf)3 in DCE at 80 °C and monitored by TLC for 
starting material consumption.  b Diastereomeric ratios determined by 1H NMR.  c 10 mol % 
Bi(OTf)3 used. 

































































































Applying these optimized conditions, we began to explore the substrate scope of 
this reaction (Table 2).  Both five and six-membered lactones could be achieved in high 
yield, but unfortunately failed to exhibit significant diastereoselectivity (entries 1 and 2). 
Substrates containing internal olefins gave products in good to high yield (entries 3-5 and 
8). The benzoic acid derived substrate 13 was particularly successful furnishing the 
product in 94% yield (entry 6).  Interestingly, substrate 15, which was expected to 
undergo a 7-exo cyclization, instead isomerized to form an internal olefin and then 
cyclized to yield the 6-membered lactone 16 in 76% yield (entry 7).  A double cyclization 
was observed with diene 19 to produce dilactone 20 in decent yield (entry 9). 
 
II.2: Mechanism of Hydrocarboxylation 
Based on our observations in both these and our hydroalkoxylation studies,
1
 as 
well as other literature precedents,
12
 it is likely that the operative catalyst in our reaction 
is actually triflic acid (TfOH) rather than Bi(OTf)3.  The low levels of TfOH present in 
Bi(OTf)3 catalyzes the hydrocarboxylation by first protonating the olefin to form II 
which activates it for attack by the carboxylic acid to produce the protonated lactone III.  
Deprotonation releases the lactone product IV and regenerates the acid catalyst (Fig. 7).  
The presence of TfOH explains the observed olefin isomerization of the substrate 15, as 
well as the overall low diastereoselectivity of the cyclization. The intermediate 
carbocation does not exhibit a preferential face for nucleophilic attack by the carboxylic 
acid group, thereby leading to low stereoselectivity.  Though TfOH is the active catalyst, 
the use of Bi(OTf)3 is still more desirable due to its ease of handling as compared to 
 20 
using TfOH directly.  Also, the potential exists for Bi(OTf)3 to be a productive Lewis 
acid catalyst in a separate transformation during a multicatalytic sequence. 
Figure 6.  Catalytic Cycle of Bi(OTf)3 Catalyzed Hydrocarboxylation 
 
 
II.3: Limitations of Bi(OTf)3 Catalyzed Hydrocarboxylation 
 During the course of our substrate scope study, a number of substrates were found 
to be incompatible with our hydrocarboxylation reaction conditions (Fig. 7). These 
studies revealed that substrates containing additional olefin functionality (substrates 21, 
27) led to decomposition, presumably due to undesired protonation by TfOH.  Our amino 
acid-derived substrates were also not compatible.  While the Boc-protected amine 22 was 
deprotected upon exposure to Bi(OTf)3 due to the TfOH present, the Cbz-protected amine 
23 showed no reactivity.  Asiatic acid, a complex steroid-derived substrate, decomposed 
likely via protonation of its multiple hydroxyl groups.  Attempts to construct larger ring 
sizes (substrates 25 and 26) failed and ultimately led to decomposition of the substrate. 




















screening cycloheptene with a number of carboxylic acids, but these did not display any 
reactivity (Fig. 7b). 




II.4: Multicatalysis: Tandem Diels-Alder / Hydrocarboxylation 
We next turned our attention towards the design of multicatalytic sequences that 
utilize our hydrocarboxylation methodology.  Our first multicatalytic design involved a 
tandem Diels-Alder / hydrocarboxylation sequence.  Dubac and coworkers reported 
Bi(OTf)3 as an effective catalyst for the Diels-Alder reaction furnishing products in high 
yield and good selectivity utilizing conditions (CH2Cl2 at 0 °C) that would be amenable 
to a potential multicatalytic reaction (Fig. 8).
13
  We envisioned employing a carboxylic 



































a) Unsuccessful Hydrocarboxylation Substrates
+   RCO2H
DCE, 80 °C
Bi(OTf)3 (5 mol %)
No Reaction
R = Ph, Cy, Me
b) Attempts at Intermolecular Hydrocarboxylation
 22 
Diels-Alder cyclization at low temperature (Fig. 9).  Upon increasing the temperature, the 
intermediate cyclohexene product (resembling product 12) would then undergo 
hydrocarboxylation with the pendent carboxylic acid to produce a bicyclic product 
containing three syn stereocenters.  This process could potentially be extended to include 
substrates with an extra methylene group linking the carboxylic acid to the diene to 
furnish 6,6-bicyclic products.  
Figure 8.  Precedence for Bi(OTf)3 Catalyzed Diels-Alder  
 
 
Figure 9.  Tandem Diels-Alder / Hydrocarboxylation Strategy 
 
Despite the precedence of the Bi(OTf)3 catalyzed Diels-Alder, our reaction design 
requires the use of a mildly electron-deficient diene, which has not been reported.  
Therefore, we began our investigation by focusing on the Bi(OTf)3 catalyzed Diels-Alder 
reaction using dienes containing carboxylic acids with both one (substrate 30) and two 
(substrate 31)-carbon methylene linkers (Table 3).  Screening a number of commonly 

























reaction conditions (entries 1-3).  While the dienophiles remained unaffected in the 
reaction mixtures, diene 30 was completed consumed within four hours at 0 °C.  No 
product was identifiable in the 
1
H NMR indicating that the TfOH led to decomposition of 
the diene, likely via a polymerization pathway.  On the other hand, diene 31 did not 
decompose, but also failed to lead to the desired Diels-Alder adduct.  Rather, an 
unexpected cyclization product 32 containing a five-membered lactone was observed in 
six hours at room temperature (entries 4 and 5).  In fact, even after lowering the 
temperature to 0 °C this lactone was the only identifiable product (entry 6).   
Table 3.  Attempts at Bi(OTf)3 Catalyzed Diels-Alder with Carboxylic Acid Dienes
a 
 
a Reactions performed using 5 mol % Bi(OTf)3 in DCE at indicated temperature. 
In order to explore this unexpected pathway, we subjected diene 31 to 5 mol % 
Bi(OTf)3 at room temperature without a dienophile present (Fig. 10a).  After four hours, 
the lactone 32 was isolated in 70% yield as the sole product.  Previous observations of 









































olefin isomerization in our substrate scope study (substrate 15) suggest that this product 
is being formed through an isomerization pathway in which the terminal olefin gets 
protonated to form an allylic cation (Fig. 10b).  This cation rearranges allowing for 
nucleophilic attack at the 4-carbon leading to a 5-exo cyclization.  Interestingly, this 
pathway seems to be specific to the formation of the five-membered lactone.  When the 
substrate containing three methylene linkers between the diene and carboxylic acid group 
was subjected to 5 mol % Bi(OTf)3, the substrate decomposed and no six-membered 
lactone was observed.    
Figure 10.  Unexpected Cycloisomerization 
 
 The dominance of the undesired isomerization / hydrocarboxylation pathway 
required that our multicatalytic design be modified in order to favor the desired Diels-
Alder pathway.  Therefore, we envisioned the silyl protection of the carboxylic acid 
group could inhibit the undesired pathway and enable the Diels-Alder cyclization.  After 
completion of the first step, a proton source would be added to deprotect the carboxylic 
acid, which could then undergo the desired hydrocarboxylation in the second step and 





















Figure 11. Modified Tandem Diels-Alder / Hydrocarboxylation Strategy 
 
 
 We began by protecting diene 31 with a triethylsilyl (TES) protecting group and 
subjecting it to 5 mol % Bi(OTf)3 in the presence of maleic anhydride at 0 °C (Table 4, 
entry 1).  Unfortunately, we again obtained the undesired isomerization / 
hydrocarboxylation product 32 as the major product.  Presumably, TfOH present in the 
reaction mixture led to the deprotection and rapid cyclization of the carboxylic acid.  In 
hopes of avoiding this undesired deprotection, we changed to a tert-butyldimethylsilyl 
(TBS) protecting group, which is less labile than the TES protecting group.  Subjecting 
our new substrate to the same reaction conditions, again the undesired five-membered 
lactone was the only product observed at both room temperature and 0 °C (entries 2 and 
3).  Rather than trying to identify another protecting group that might be suitable for this 
transformation, we instead focused on the removal of TfOH in the reaction mixture from 
























a Reactions performed using 5 mol % Bi(OTf)3 in DCE at indicated temperature. 
  
Thus, we turned our attention towards studying the desired Bi(OTf)3 catalyzed 
Diels-Alder reaction in the presence of base.  In order to eliminate the potential for 
undesired side product formation, we modified our substrate to the n-butyl ester 35 rather 
than carboxylic acid.  We surmised that this ester would display similar reactivity to the 
carboxylic acid substrate 31 in the Diels-Alder reaction, but would not undergo 
cycloisomerization in order to avoid potential complex product mixtures.   We subjected 
this substrate to 10 mol % Bi(OTf)3 in the presence of one equivalent of methyl vinyl 
ketone at room temperature in DCE for 18 hours and screened loading of pyridine 
ranging from 5-20 mol % (Table 5).  Our desired Diels-Alder adduct 36 was observed 
upon addition of both 5 and 10 mol % pyridine.  The addition of 5 mol % pyridine was 
most successful leading to 89% conversion to product (entry 1), while 20 mol % pyridine 
inhibited the reaction entirely (entry 3).  It appears that it is necessary to achieve balance 






















in ratio of base to catalyst to ensure that all of the TfOH is consumed, without inhibition 
of the Lewis acid.          
Table 5.  Screen of Pyridine Equivalents in Bi(OTf)3 Catalyzed Diels-Alder  
 
 
 With this new Diels-Alder protocol in hand, we sought to apply it to our protected 
carboxylic acid substrate and then utilize it in our multicatalytic reaction sequence.  We 
first subjected the TBS-protected carboxylic acid 34 to the Diels-Alder conditions and 
were pleased to observe the desired cyclohexene product 37.  In order to realize our 
multicatalytic design, an additional step would be necessary to remove the silyl 
protecting group in order for the hydrocarboxylation step to occur.  Previous studies in 
the Lambert group had revealed that the addition of an equivalent of methanol was 
successful in deprotecting intermediate silyl-protected alcohols in a multicatalytic 
sequence.
1
  Unfortunately, the addition of methanol did not lead to the deprotection of 
our TBS-protected intermediate 36 (Table 6, entry 1).  The addition of an extra 10 mol % 
Bi(OTf)3 along with the equivalent of methanol also failed to lead to the desired 
deprotection (entry 2).  These results indicated that the TBS-protecting group was too 
stable on this particular intermediate, therefore it was replaced with the TES-protecting 
group.  Applying the same set of reaction conditions, we were surprised to discover a 






Bi(OTf)3 (10 mol %)+ Me
OnBuO2C













decomposition (entry 3).  These results implied that either the TES-protecting group was 
not stable to the reaction conditions of the first step or that the TES-protected substrate 
was stable in the first step but failed to undergo the Diels-Alder reaction and was 
deprotected upon addition of methanol and Bi(OTf)3 in the second step.  In either case, 
the free carboxylic acid substrate was revealed and cyclized upon exposure to Bi(OTf)3 in 
the second step of the sequence, while the remaining substrate decomposed.  
Table 6. Bi(OTf)3 Catalyzed Diels-Alder in the Presence of Pyridine 
 
 Given these results, it became evident that this multicatalytic design was not 
going to be realized as the general reaction that we envisioned.  The sensitivity of the 
diene substrates, difficulty of handling protected carboxylic acids, and specific substrate 
requirements led us to redirect our efforts towards the design of other multicatalytic 







DCE, rt, 12 hr
ii) conditions
i) pyridine (5 mol %)




























II.5: Multicatalysis:  Tandem Carroll Rearrangement / Hydrocarboxylation 
 In our next multicatalytic design, we were interested in developing a Bi(OTf)3 
catalyzed tandem modified Carroll rearrangement / hydrocarboxylation sequence that 
would produce five-membered lactone products.   Starting with a !-keto allylic ester, the 
rearrangement would lead to the formation of an intermediate homoallylic carboxylic 
acid, which would be set up for a hydrocarboxylation reaction to produce lactones with 
pendant ketone functionality (Fig. 12).  
Figure 12. Tandem Carroll Rearrangement / Hydrocarboxylation Strategy 
 
The mechanism of a typical Carroll rearrangement involves a [3,3]-sigmatropic 
rearrangment of a !-keto allylic ester followed by decarboxylation of the intermediate to 
produce a ",#-unsaturated ketone (Fig. 13).14  The Carroll rearrangement can be promoted 
by heating to high temperatures (Fig. 13a) or is often done in the presence of two 
equivalents of LDA (Fig. 13b).
15
  Our multicatalytic design would require a 
rearrangement protocol that would efficiently promote the [3,3]-sigmatropic 
rearrangement without subsequent decarboxylation.  An extensive search of the literature 
revealed that this type of Lewis acid catalyzed transformation had not been widely 




















Figure 13.  Carroll Rearrangement Methods 
 
 To begin our studies two substrates, diester 38 and !-keto allylic ester 39, were 
synthesized and subjected to standard hydrocarboxylation conditions of 5 mol % 
Bi(OTf)3 in DCE at 80 °C (Table 7, entries 1 and 4).  Neither displayed any reactivity 
under these conditions, therefore they were exposed to higher temperatures and a higher 
boiling solvent (xylenes).  Though diester 38 did not exhibit any desired reactivity 
(entries 2 and 3), !-keto allylic ester 39 was converted to intermediate homoallylic 
carboxylic acid 40 in xylenes at 100 °C in nine hours without any observed 
decarboxylated product (entry 5).  Surprisingly, heating of this reaction mixture to higher 
temperatures did not result in either the desired cyclization product or the undesired 
decarboxylated product.   
To gain a better understanding of the hydrocarboxylation step, we synthesized 
carboxylic acid 40 by an independent method and subjected it to standard 
hydrocarboxylation conditions (Fig. 14a).  No reaction was observed even upon heating 
to increased temperatures over longer reaction times.  It became evident that this 
substrate scaffold was not amenable to our hydrocarboxylation protocol.  The lack of 
































a) Thermal Carroll Rearrangement





Table 7.  Carroll Rearrangement under Lewis Acid Conditions 
 
functionality, which shuts down the active catalyst in this transformation (Fig. 14b).  We 
hypothesize that this proton sequestering may also explain why decarboxylation was not 
observed since the interaction of the carboxylic acid proton with the !-ketone carbonyl 
group (necessary for decarboxylation) would be blocked.  Though this interaction 
disfavors our intended cyclization pathway, the acid catalyzed [3,3]-rearrangement offers 
access to homoallylic !-keto acids that could not be achieved via a base catalyzed Carroll 
rearrangement.  Unfortunately our intended multicatalytic design could not be realized 
due to the incompatibility of this substrate class with our hydrocarboxylation protocol. 
Figure 14.  Hydrocarboxylation of !-Keto Carboxylic Acid 
 























































a) Attempted Hydrocarboxylation b) Mechanistic Rationale
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III.  Conclusions 
 In summary, we have demonstrated that Bi(OTf)3 is an efficient catalyst for the 
synthesis of lactones via the hydrocarboxylation of unactivated olefins.  The method was 
shown to be applicable to the synthesis of a variety of five and six-membered lactone 
products in a simple, one-step protocol.  Attempts to incorporate this methodology into a 
multicatalytic reaction have proven difficult as exemplified in both the tandem Diels-
Alder and tandem Carroll rearrangement reactions.  Unanticipated modes of reactivity 
specific to the substrates necessary for the desired transformations prevented these 
multicatalytic sequences from being realized.  Despite these setbacks, this new 
hydrocarboxylation protocol could allow for the achievement of other multicatalytic 
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V. Experimental Section 
 
General Information:  All reactions were performed using oven-dried glassware under 
an atmosphere of argon, dried by passage through Drierite.  Reagents and solvents were 
transferred under argon by syringe.  Organic solutions were concentrated under reduced 
pressure using a Buchi rotary evaporator.  1,2-Dichloroethane (DCE) was distilled from 
CaH2.  Bi(OTf)3 was purchased from Strem and used as received.  All other reagents 
were used as received unless specified.   Flash chromatography was performed on 





C NMR were recorded on Brucker (400 MHz, 300 MHz and 75 MHz) as 
noted, and are internally referenced to the residual solvent peak.  Data from 
1
H NMR are 
reported as follows:  chemical shift (! ppm), multiplicity (s = singlet, brs = broad singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet), integration, coupling constant (Hz) 
and assignment.  Data for 
13
C NMR are reported in terms of chemical shift.  IR were 
recorded on a IR Here using NaCl salt plates and reported in terms of frequency of 
absorption (cm
-1
).  High-resolution mass spectra were obtained from the Columbia 
University Mass Spectroscopy Facility on JOEL JMS-HX110 HF mass spectrometer 







Experimental Procedures   
Substrate Synthesis 
2-phenylpent-4-enoic acid (3): Prepared according to the procedure 




2-phenylhex-5-enoic acid (5): Prepared according to the procedure 
by Miller using phenyl acetic acid (1.0 g, 7.4 mmol) 4-bromo-1-
butene (2.50 g, 18.5 mmol).  The crude residue was purified through a silica gel plug 
using 20% ethyl acetate:hexanes with 1% acetic acid to yield a pale yellow oil in 90% 
yield (1.27 g, 6.7 mmol). 
1
H NMR (300 MHz, CDCl3) ! 11.41 (brs, 1 H, CO2H), 7.37-7.31 (m, 5 H, ArH), 5.88-
5.74 (m, 1 H, CH=CH2), 5.08-5.02 (m, 2 H, CH=CH2), 3.63 (t, 1 H, J = 7.5, HCCO2H), 
2.26-2.19 (m, 1 H, CH2), 2.11-2.04 (m, 2 H, CH2), 1.99-1.87 (m, 1 H, CH2). 
13
C NMR 
(75 MHz, CDCl3) ! 180.7, 138.3, 137.5, 128.9, 128.7, 127.7, 115.8, 50.9, 32.1, 31.5.  IR 
3063, 3007, 2924, 1705, 1449, 1406, 1267, 1148, 903, 687 cm
-1
. HRMS (FAB+) exact 
mass calculated for C12H15O2 requires m/z 191.1067, found m/z 191.1084. 
 
1-(3-methylbut-2-enyl)cyclohexanecarboxylic acid (7):  Prepared 
according to the procedure by Miller using cyclohexanecarboxylic 
acid (1 g, 7.8 mmol) and 3,3-dimethylallyl bromide (1.74 g, 11.7 mmol) to afford a white 
solid in 20% yield (0.31 g, 1.6 mmol) after recrystallization from hexanes.   
1
H NMR (300 MHz, CDCl3) ! 11.06 (brs, 1 H, CO2H), 5.14-5.09 (m, 1 H, CH=C(CH3)2), 









CH3), 1.60-1.49 (m, 6 H, CH2CH2 and CH3), 1.46-1.34 (m, 2 H, CH2), 1.30-1.21 (m, 3 H, 
CH2CH2).  
13
C NMR (75 MHz, CDCl3) ! 183.7, 134.6, 119.0, 47.7, 38.7, 33.6, 26.1, 
26.0, 23.4, 18.0.  IR 2931, 2857, 2707, 2644, 1697, 1449, 1245, 1134, 924 cm
-1
. HRMS 
(FAB+) exact mass calculated for C12H21O2 requires m/z 197.1542, found m/z  197.1542 . 
 
2-(cyclohex-2-enyl)ethanoic acid (11):  Prepared exactly according to the 
procedure by Pearson
2
 to yield a colorless oil in (0.48 g, 80% yield). 
 
2-allylbenzoic acid (13): Prepared exactly according to the procedure by 




2,2-diphenylhept-6-enoic acid (15): Prepared according to the 
procedure of Miller using diphenylacetic acid (1.0 g, 4.7 mmol) 
and 5-bromo-1-pentene (1.76 g, 11.8 mmol).  The crude product was purified by silica 
gel chromatography using 5% ethyl acetate:hexanes with 1% acetic acid to yield a white 
solid in 54% yield (753 mg, 2.7 mmol).   
1
H NMR (300 MHz, CDCl3) ! 11.41 (brs, 1 H, CO2H), 7.23-7.17 (m, 10 H, ArH), 5.69-
5.55 (m, 1 H, CH=CH2), 4.89-4.80 (m, 2 H, CH=CH2), 2.30-2.25 (m, 2 H, 
CH=CH2CH2), 1.97-1.90 (m, 2 H, CH2CCO2H), 1.14-1.04 (m, 2 H, CH=CH2CH2CH2).  
13
C NMR (75 MHz, CDCl3) ! 180.4, 142.6, 138.5, 129.2, 128.1, 127.1, 114.9, 60.3, 37.5, 
34.2, 24.6.  IR 3070, 2930, 1698, 1504, 1435, 1267, 917, 698. cm
-1
.  HRMS (FAB+) 







5-methyl-2-phenylhex-5-enoic acid (17): Prepared according to 
the procedure of Miller using phenyl acetic acid (1 g, 7.3 mmol) 
and 1-bromo-3-methyl-3-butene
4
 (2.18 g, 214.6 mmol) to yield a colorless oil in 94% 
yield (1.40 g, 6.9 mmol) without further purification.  
1
H NMR (300 MHz, CDCl3) ! 12.04 (bs, 1 H, CO2H), 7.39-7.27 (m, 5 H, ArH), 4.77 (s, 1 
H, C=CH2), 4.70 (s, 1 H, C=CH2), 3.62-3.57 (m, 1 H, HCCO2H), 2.30-2.22 (m, 1 H, 
CH2), 2.04-1.92 (m, 3 H, CH2 CH2), 1.73 (s, 3 H, CH3). 
13
C NMR (75 MHz, CDCl3) ! 
180.7, 144.6, 138.4, 128.8, 128.3, 127.6, 110.9, 51.0, 35.4, 30.9, 22.4.  IR 3061, 3026, 
2939, 2652, 1709, 1652, 1596, 1487, 1448, 1413, 1278, 1230, 896, 700 cm
-1
. HRMS 
(FAB+) exact mass calculated for C13H17O2 requires m/z 205.1223, found m/z 205.1222. 
 
2,2-diallylpropanedioic acid (19):  Prepared exactly according to the 




hepta-4,6-dienoic acid (31): Prepared according to the procedure 




butyl hepta-4,6-dienoate (35):  Hepta 4,6-dienoic acid (0.15 g, 
1.2 mmol, 1.0 equiv), DCC (0.25 g, 1.2 mmol, 1.0 equiv), and DMAP (15 mg, 0.12 
mmol, 0.1 equiv) were dissolved in 12 mL DCM.  n-Butanol (0.11 mL, 1.2 mmol, 1.0 
equiv) was added and the reaction mixture stirred for 7 hr.  The reaction mixture was 








5% ethyl acetate:hexanes to yield the title compound as a colorless oil (175 mg, 80% 
yield). 
1
H NMR (300 MHz, CDCl3) ! 6.32-6.20 (m, 1 H, HC=CH), 6.10-6.01 (m, 1 H, 
HC=CH), 5.71-5.61 (m, 1 H, HC=CH), 5.10-4.94 (m, 2 H, C=CH2), 4.05 (t, 2 H, J = 6.6, 
CO2CH2), 2.38-2.37 (m, 4 H, CH2CH2), 1.62-1.53 (m, 2 H, CH2CH2CH3), 1.41-1.29 (m, 
2 H, CH2CH2CH3), 0.90 (t, 3 H, J = 7.5, CH3).  
13
C NMR (75 MHz, CDCl3) ! 173.0, 
136.9, 132.7, 132.0, 115.7, 64.3, 33.9, 30.8, 27.9, 19.2, 13.7.  IR 3581, 3531, 2965, 2937, 




2-ethanoylpent-4-enoic acid (40):  Prepared according to procedure by 
Rutjes
7
 to yield colorless oil. 
 
Synthesis of Products 
General Procedure for Hydrocarboxylation:   All reactions were carried out in an 
oven-dried glass vial with Telfon-coated, flat-disk septa cap and a magnetic stir bar.  
Bi(OTf)3 (5 mol %) was added to vial and purged with argon.  A 0.14 M solution of 
substrate in DCE was added by syringe.  The reaction stirred at the indicated temperature 
until completion as indicated by TLC or NMR aliquot.  Upon completion, the reaction 
mixture was filtered through a short silica plug and solvent was removed in vacuo.  The 




 Following the general procedure, 2-






mmol, 0.05 equiv) yielded the title compound in 4 hr as a colorless oil (22.5 mg, 0.13 
mmol, 90% yield for combined diastereomers, 1.6:1 syn:anti) after flash chromatography 
on silica using 20% ethyl acetate:hexanes. 
syn-5-methyl-3-phenyl dihydrofuran-2-one: 
1
H NMR (300 MHz, 
CDCl3) ! 7.38-7.25 (m, 5H, ArH), 4.68-4.59 (m, 1 H, OCH), 3.91 (dd, 1 
H, CHC(O)), 2.82-2.75 (m, 1 H, CH2), 2.08-1.99 (m, 1 H, CH2), 1.53 (d, 
J = 6.4,  3H, CH3). 
13
C NMR (75 MHz, CDCl3) 176.9, 136.6, 129.1, 128.9, 128.2, 127.7, 
75.0, 47.8, 39.9, 20.9.  IR 3035, 2972, 2930, 1769, 1504, 1455, 1386, 1330, 1175, 1120, 
1050, 949, 750, 697. HRMS (EI+) exact mass calculated for C11H12O2 requires m/z 




H NMR (300 MHz, 
CDCl3) ! 7.38-7.25 (m, 5H, ArH), 4.85-4.75 (m, 1 H, OCH), 3.93 (dd, 1 
H, CHC(O)), 2.58-2.49 (m, 1 H, CH2), 2.39-2.30 (m, 1 H, CH2), 1.46 (d, 
J = 6.4,  3H, CH3).  
13
C NMR (75 MHz, CDCl3) ! 177.3, 137.2, 129.1, 127.8, 127.7, 
75.3, 45.8, 38.1, 21.2.   IR 3030, 2974, 2965, 2921, 1761, 1496, 1465, 1339, 1156, 1091, 
947, 756, 696 cm
-1
. HRMS (EI+) exact mass calculated for C11H12O2 requires m/z 
176.0837, found m/z 176.0840. 
 
6-methyl-3-phenyltetrahydro-2H-pyran-2-one (6): Following the general procedure, 2-
phenylhex-5-enoic acid (100 mg, 0.53 mmol, 1.0 equiv) and Bi(OTf)3 (17.4 mg, 0.03 










mmol, 70% yield for combined diastereomers, 1.2:1 syn:anti) after flash chromatography 
on silica using 20% ethyl acetate:hexanes. 
syn-6-methyl-3-phenyltetrahydro-2H-pyran-2-one (#) 
1
H NMR (300 
MHz, CDCl3) 7.38-7.22 (m, 5 H, ArH), 4.69-4.58 (m, 1 H, OCH), 3.80 
(t, 1 H, J = 7.8, CHPh), 2.34-2.21 (m, 1 H, CH2), 2.13-1.94 (m, 2 H, 
CH2), 1.83-1.69 (m, 1 H, CH2), 1.46 (d, 3 H, J = 6.3 , CH3).  ! 
13
C NMR (75 MHz, 
CDCl3) ! 173.4, 138.8, 128.9, 128.8, 128.5, 127.4, 75.7, 45.4, 28.2, 26.8, 21.5.  IR 3021, 
2965, 2937, 2874, 1728, 1449, 1372, 1239, 1190, 1113, 1064, 945, 777, 694 cm
-1
. HRMS 




H NMR (300 
MHz, CDCl3) 7.38-7.21 (m, 5 H, ArH), 4.65-4.54 (m, 1 H, OCH), 3.67 
(dd, 1 H, J = 6.9, 11.1, CHPh), 2.29-2.19 (m, 1 H, CH2), 2.15-2.01 (m, 
2 H, CH2), 1.80-1.67 (m, 1 H, CH2), 1.43 (d, 3 H, J = 4.5, CH3).  ! 
13
C NMR (75 MHz, 
CDCl3) ! 172.2, 139.6, 128.9, 128.2, 127.4, 78.2, 48.1, 30.7, 29.2, 22.3.  IR 2979, 2944, 
2882, 2868, 1714, 1449, 1351, 1239, 1183, 1099, 945, 701 cm
-1
. HRMS (EI+) exact mass 
calculated for C12H14O2 requires m/z 190.0994, found m/z 190.0992. 
 
3,3-dimethyl-2-oxaspiro[5.5]undecan-1-one (8): Following the 
general procedure, 1-(3-methylbut-2-enyl)cyclohexanecarboxylic 
acid (50 mg, 0.25 mmol, 1.0 equiv) and Bi(OTf)3 (8.5 mg, 0.012 mmol, 0.05 equiv) 
yielded the title compound in 1 hr as a white solid (47.1 mg, 0.24 mmol, 97% yield) after 


















H NMR (300 MHz, CDCl3) ! 
13
C NMR (75 MHz, CDCl3) ! 177.8, 81.4, 40.8, 34.5, 
31.2, 29.0, 26.2, 25.6, 21.0.  IR 2965, 2937, 2863, 1716, 1456, 1372, 1281, 1129, 1108, 
924 cm
-1
.  HRMS (FAB+) exact mass calculated for C12H21O2 requires m/z 197.1542, 
found m/z  197.1549. 
 
(1R, 3R, 6R, 7S, 9S)-5-oxo-4-oxa-tricyclo[4.2.1.0
3,7
] nonane-9-
carboxylic acid methyl ester (10): Following the general procedure, 
xxx (50 mg, 0.25 mmol, 1.0 equiv) and Bi(OTf)3 (8.2 mg, 0.013 mmol, 
0.05 equiv) yielded the title compound in 2.5 hr as a colorless oil (37.8 mg, 0.19 mmol, 
76% yield) after flash chromatography on silica using 20% ethyl acetate:hexanes. 
1
H 
NMR (400 MHz, CDCl3) ! 4.82-4.79 (m, 1 H, HCO), 3.68 (s, 3 H, CO2CH3), 3.29-3.26 
(m, 1 H, CH), 3.02-2.98 (m, 1 H, HCCO2Me), 2.75 (dd, 1 H, J = 4.4, 10.4, HCC=O), 2.62 
(brs, 1 H, CH2), 2.20-2.15 (m, 1 H, CH), 1.73-1.61 (m, 3 H).  
13
C NMR (75 MHz, CDCl3) 
! 178.2, 171.5, 80.4, 52.1, 48.4, 48.2, 41.9, 39.6, 37.8, 32.9.  IR 2972, 2958, 1775, 1733, 
1435, 1358, 1157, 1036, 985 cm
-1
.  HRMS (FAB+) exact mass calculated for C10H13O4 
requires m/z 197.0814, found m/z  197.0808. 
 
hexahydrobenzofuran-2(3H)-one (12): Following the general procedure, 2-
(cyclohex-2-3nyl)ethanoic acid (50 mg, 0.36 mmol, 1.0 equiv) and Bi(OTf)3 
(11.7 mg, 0.018 mmol, 0.05 equiv) yielded the title compound in 2.5 hr as a 
colorless oil (33.7 mg, 0.24 mmol, 76% yield) after flash chromatography on silica using 





H NMR (300 MHz, CDCl3) !  4.48 (q, 1 H, J = 4.2, HCO), 2.58 (dd, 1 H, J = 6.6, 16.5, 
CH), 2.40-2.31 (m, 1 H, CH2C=O), 2.21 (dd, 1 H, J = 2.7, 16.5, CH2C=O), 2.07-2.01 (m, 
1 H, CH2), 1.74-1.58 (m, 3 H), 1.49-1.37 (m, 2 H, CH2), 1.30-1.17 (m, 2 H, CH2).  
13
C 
NMR (75 MHz, CDCl3) ! 177.6, 79.2, 37.5, 34.9, 27.8, 27.2, 22.8, 19.9.  IR 2917, 2875, 
1770, 1449, 1428, 1169, 1141, 994, 952 cm
-1
.  HRMS (EI+) exact mass calculated for 




 Following the general procedure, 2-
allylbenzoic acid (35 mg, 0.22 mmol, 1.0 equiv) and Bi(OTf)3 (7.1 mg, 
0.011 mmol, 0.05 equiv) yielded the title compound in 1 hr as a white 
solid (34.1 mg, 0.21 mmol, 94% yield) after flash chromatography on silica using 20% 
ethyl acetate:hexanes. 
1
H NMR (300 MHz, CDCl3) 8.09 (dd, J = 0.9, 7.8, 1 H, Ar ), 7.53 (dt, J = 1.5, 7.5, 1 H, 
ArH ), 7.86 (t, J = 7.5, 1 H, ArH), 7.23 (d, J = 7.5, 1 H, ), 4.68 (m, 1 H, OCH), 2.94 (m, 2 
H, CH2), 1.52 (d, 3 H, CH3). ! 
13
C NMR (75 MHz, CDCl3) ! 165.7, 139.2, 133.8, 130.4, 
127.8, 127.4, 125.2, 75.2, 35.0, 21.1.  IR 3071, 2979, 2942, 2898, 1725, 1604, 1453, 
1389, 1346, 1280, 1221, 1121, 1081, 1021, 957, 744 cm
-1
. HRMS (EI+) exact mass 





the general procedure, 2,2-diphenylhept-6-enoic acid (50 mg, 0.18 










yielded the title compound in 2.5 hr as a colorless oil (38.2 mg, 0.14 mmol, 76% yield) 
after flash chromatography on silica using 20% ethyl acetate:hexanes. 
1
H NMR (300 MHz, CDCl3) ! 7.37-7.16 (m, 10 H, ArH), 4.29-4.20 (m, 1 H, OCH), 2.78-
2.56 (m, 2 H, CH2C(Ph)2), 1.94-1.63 (m, 2 H, CH2CH), 1.76-1.51 (m, 2 H, CH2CH3), 
0.927 (t, J = 7.5,  3 H, CH3).  
13
C NMR (75 MHz, CDCl3) ! 173.7, 143.0, 142.1, 128.6, 
128.4, 128.4, 127.4, 127.2, 81.8, 57.2, 32.5, 29.2, 25.3, 9.3.  IR 3056, 2965, 2930, 2875, 
1714, 1477, 1442, 1253, 1183, 1099, 757, 701 cm
-1
. HRMS (FAB+) exact mass 
calculated for C19H21O2 requires m/z  281.1542, found m/z 281.1539. 
 
6.6-dimethyl-3-phenyltetrahydro-2H-pyran-2-one (18): Following 
the general procedure, 5-methyl-2-phenylhex-5-enoic acid (50 mg, 
0.24 mmol, 1.0 equiv) and Bi(OTf)3 (7.9 mg, 0.012 mmol, 0.05 equiv) 
yielded the title compound in 1 hr as a colorless oil (43.2 mg, 0.21 mmol, 86% yield) 
after flash chromatography on silica using a gradient of 10-20% ethyl acetate:hexanes.    
1
H NMR (300 MHz, CDCl3) ! 7.38-7.20 (m, 5 H, ArH), 3.67 (dd, 1 H, J = 6.6, 9.3, 
CHPh), 2.27-2.06 (m, 2 H, CH2CHPh), 1.97-1.81 (m, 2 H, CH2C(CH3)2), 1.51 (s, 3 H, 
CH3), 1.50 (s, 3 H, CH3).  
13
C NMR (75 MHz, CDCl3) ! 172.2, 140.0, 128.9, 128.2, 
127.3, 83.0, 47.3, 33.6, 30.0, 28.5, 26.8.  IR 2974, 2931, 2871, 1709, 1491, 1448, 1351, 
1313, 1265, 1205, 1111, 920, 752, 702 cm
-1
. HRMS (FAB+) exact mass calculated for 
C13H17O2 requires m/z 205.1223, found m/z 205.1234. 
 
3,8-dimethyl-2,7-dioxaspiro-[4.4]-nonane-1,6-dione (20):  













mg, 0.11 mmol, 1.0 equiv) and Bi(OTf)3 (7.2 mg, 0.011 mmol, 0.10 equiv) yielded the 
title compound in 7 hr as a white solid (11.4 mg, 0.062 mmol, 57% yield, 1.4:1 mixture 
of diastereomers, A and B) after flash chromatography on silica using 10% ethyl 
acetate:hexanes.    
1
H NMR (300 MHz, CDCl3) ! 5.08-4.95 (m, 2H, OCH, A), 4.74-4.66 (m, 2H, OCH, B), 
2.85-2.78 (m, 2H, CH2, A), 2.63-2.30 (m, 4H, CH2, B), 1.93-1.86 (m, 2H, CH2, A), 1.53 
(d, J = 6.4, 6H, CH3, B), 1.47-1.45 (m, 6H, CH3, A).  
13
C NMR (75 MHz, CDCl3) ! 
173.8, 173.6, 76.0, 76.0, 75.5, 75.1, 54.0, 41.8, 40.9, 40.6, 39.8, 31.0, 21.3, 21.0, 20.7.  IR 
3000, 2923, 1777, 1749, 1392, 1350, 1196, 1071, 980 cm
-1
. HRMS (FAB+) exact mass 




 Following the general 
procedure, hepta-4,6-dienoic acid (50 mg, 0.40 mmol, 1.0 equiv) and 
Bi(OTf)3 (13.0 mg, 0.020 mmol, 0.05 equiv) yielded the title compound 
in 8 hrs as a colorless oil (27.4 mg, 0.22 mmol, 70% yield) after flash chromatography on 
silica using 5% ethyl acetate:hexanes.  
1
H NMR (400 MHz, CDCl3)  5.85-5.76 (m, 1 H, CH=CHCH3), 5.53-5.47 (m, 1 H, 
CH=CHCH3), 4.87 (q, J = 7.2, 1 H, OCH), 2.56-2.44 (m, 2 H, O=CCH2), 2.37-2.30 (m, 1 
H, O=CCH2CH2), 2.00-1.91 (m, 1 H, O=CCH2CH2), 1.73-1.71 (m, 3 H, CH3). 
13
C NMR 
(75 MHz, CDCl3) ! 177.1, 130.5, 128.8, 81.1, 28.8, 17.7.  IR 2944, 2916, 1763, 1441, 
1329, 1175, 1008, 966, 924 cm
-1
.  HRMS (EI+) exact mass calculated for C7H10O2 





butyl 3-(6-ethanoylcyclohex-2-enyl)propanoate (36):  Bi(OTf)3 
(8.5 mg, 0.013 mmol, 0.1 equiv) and pyridine (0.52 µL, 0.0065 
mmol, 0.05 equiv) were stirred in DCE (0.2 mL) at room 
temperature for 30 min.  Methyl vinyl ketone (11 µL, 0.13 mmol, 1.0 equiv) in 0.1 mL 
DCE was added and allowed to stir 15 min.  A solution of butyl hepta-4,6-dienoate (24.0 
mg, 0.13 mmol, 1.0 equiv) in 0.15 mL DCE was added.  The reaction mixture was 
allowed to stir 12 hr.  The reaction mixture was filtered through silica gel and 
concentrated.  Title compound was purified via flash chromatography using 5% ethyl 
acetate:hexanes to yield a colorless oil as an 5:1 exo:endo mixture.
  
1
H NMR (300 MHz, CDCl3) !  5.78-5.52 (m, 2H, CH=C), 4.04 (t, 2H, J = 6.6, CH), 2.74-
2.42 (m, 2H), 2.41-2.17 (m, 3H), 2.06 (s, 3H), 2.05-1.20 (m, 12H), 0.93 (m, 3H).  LRMS 
(APCI+) exact mass calculated for C15H25O3
+
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I.1: Inspiration for the Development of Pd
II
 Catalyzed Oxidative Formylation and 
Ketonylation Reactions 
   In another approach to the development of multicatalytic methods for the 
synthesis of complex heterocycles, we became interested in the PdII catalyzed oxidative 
carbonylation chemistry developed in the laboratories of Hegedus and Semmelhack as a 
potential platform for novel multicatalytic design.  Hegedus described the first palladium 
catalyzed intramolecular aminocarbonylation in his synthesis of indole derivative 2 from 
N-methyl-o-allylaniline in good yield under mild conditions (Fig. 1a).1  He also later 
went on to report the use of protected aliphatic amines in a catalytic version of this 
reaction (Fig. 1b).2  The first intramolecular alkoxycarbonylation was reported by 
Semmelhack in 1982 in his efforts towards the synthesis of a series of naphthoquinone 
antibiotics.3  Subjecting quinone 5 to catalytic PdCl2(MeCN)2 under an atmosphere of CO 
in MeOH with CuCl2 as an oxidant, tetrahydropyran 6 was furnished in 70% yield as a 
3:1 mixture of trans:cis isomers (Fig. 1c).  Semmelhack later showed that linear 
alkenylalcohols could efficiently participate in this transformation leading to products in 
high yield and often with a high degree of stereoselectivity (Fig. 1d).4  Forming three 
new bonds, these methods synthesize complex heterocycles from simple starting 
materials, often with high stereoselectivity.  The utility of these methods have been 







Figure 1.  First Examples of PdII Oxidative Carbonylation Reactions 
 
The general mechanism for the intramolecular oxidative carbonylation involves a 
PdII/Pd0 catalytic cycle under a CO atmosphere (Fig. 2).6  The cycle begins with the 
coordination of the olefin by PdCl2, which activates it towards nucleophilic attack by the 
amine or hydroxyl group.  The resulting palladated heterocycle III coordinates a 
molecule of CO, followed by migratory insertion leading to an acylpalladium chloride 
intermediate IV.  This species is immediately trapped by a second nucleophile, usually 
the alcohol solvent, leading to the ester product V.  Pd0 is released and reoxidized to PdII, 
most often by CuCl2, though the use of oxygen as an oxidant has been reported.
7    
The substantial increases in molecular complexity offered by these methods make 
them an attractive platform for the development of multicatalytic reactions.  Yet, these 
known oxidative carbonylation methods would be difficult to incorporate into 
multicatalytic sequences because they terminate in the formation of carbonyl functional 
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Figure 2.  Catalytic Cycle of PdII Oxidative Carbonylation Reaction 
 
participate in further reactions.  Therefore, we proposed the development of new 
oxidative carbonylation methods that would generate alternative, more reactive carbonyl 
functionality, such as aldehydes and ketones.  The proposed methods should be 
mechanistically identical to conventional oxidative carbonylations in the formation of an 
acylpalladium intermediate (Fig. 3a).  Rather than terminating with an alcohol as in the 
traditional Semmelhack-type carbonylation, transmetallation with the appropriate 
organometallic reagent followed by reductive elimination would produce an aldehyde or 
ketone.   
Utilizing the new methodology as the first step in a multicatalytic sequence, the 
intermediate aldehyde or ketone generated could participate in a second reaction, 
allowing for the introduction of a large variety of functionality on the newly formed 
heterocyclic products (Fig. 3b).  Realization of these methods could offer opportunities 
for the development of new multicatalytic reactions for the rapid synthesis of highly 




























Figure 3. Design of New Oxidative Carbonylation Reactions 
 
I.2:  Background on Formylation / Ketonylation 
 Formylation and ketonylation methods via cross coupling reactions with 
acylpalladium species generated in a Pd0/PdII catalytic cycle have been well studied.8  
Pd0-catalyzed formylation is most common with aryl, vinyl and allyl halides or triflates.  
The first example of this reaction was reported by Schoenberg and Heck in 1974 in which 
they utilized synthesis gas (syngas, CO/H2) for the formylation of aryl and vinyl halides 
(Fig. 4a).9  The high temperatures and pressure required for formylation using syngas led 
to the development of methods that employ other hydride sources, which allowed for 
milder conditions.  For example, polymethylhydrosiloxane (PMHS) was introduced as a 
hydride source for the formylation of aryl halides, which enabled a significant decrease in 
the pressure of CO (Fig. 4b).10  Other silanes including trioctyl-11 and triethylsilane12 
were also reported as effective hydride sources.  Stille introduced tributyltin hydride as 
another efficient organometallic hydride donor, which benefits from a wide functional 
group tolerance giving it broad applicability (Fig. 4c).13  Methods using formate as a 
XHR XR
OPdII, CO


























a) Proposed New Oxidative Carbonylation Reactions
b) Proposed Multicatalytic Design
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hydride source also offer mild conditions and efficient reactions (Fig. 4d).14  More 
recently, conditions have been reported that electrochemically convert formic acid to 
formate to produce aldehydes from aryl halides under mild conditions.15   
Figure 4.  Palladium Catalyzed Formylation Reactions 
 
 A number of organometallic reagents have been identified as productive carbon 
nucleophiles for the synthesis of ketones via palladium catalyzed carbonylative cross 
coupling methods.  The first report of a palladium catalyzed ketonylation method was 
introduced by Heck in 1968, in which symmetrical ketones were prepared from 
arylmercuric salts under mild conditions, though in low yield (Fig. 5a).16  In 1979, 
Tanaka reported the first carbonylative cross coupling method to provide unsymmetrical 
ketones, coupling aryl halides with tetraalkylstannanes in good yield (Fig. 5b).17 Milder 
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application of organozinc reagents was introduced by Tamaru in the synthesis of 
unsymmetrical ketones from aryl and alkyl halides using Zn-Cu under mild conditions 
(Fig. 5c).19  Organozinc halides were later shown to successfully couple with allyl 
benzoates and phosphates.20  Boronic acids, which offer the advantages of wide 
functional group tolerability and air and moisture stability, were first reported as 
productive coupling partners in this reaction by Suzuki (Fig. 5d).21 Organosilanes have 
also been reported for the synthesis of aryl and vinyl ketones, using fluorosilane coupling  
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partners activated by potassium fluoride (Fig. 5e).22  Organometallic reagents using other 
metals such as aluminum,23 zirconium,24 and chromonium25 have been shown to 
participate in this transformation, but are much less well-studied or utilized. 
 
I.3:  Reaction Design of Oxidative Formylation and Ketonylation Reactions 
 Though cross coupling reactions of acylpalladium intermediates to form 
aldehydes and ketones have been well studied using Pd0-PdII catalytic cycles, such 
transformations that utilize a PdII catalyst under oxidative conditions have not been 
explored. To the best of our knowledge, no examples of oxidative carbonylation of 
alkenyl alcohols or amines to generate aldehydes or ketones have been reported.    
Our proposed catalytic cycle is identical to the traditional oxidative carbonylation 
methods in the formation of the acylpalladium intermediate, but would require 
unexplored steps to finish the cycle (Fig. 6).  Coordination of the olefin substrate by PdII, 
cyclization and migratory insertion of CO would lead to the acylpalladium chloride 
intermediate IV.  A hydride source or organometallic reagent could then undergo 
transmetallation with the acylpalladium chloride.  Reductive elimination of that 
intermediate V would produce the corresponding aldehyde or ketone.  Also, Pd0 would be 
released and require an oxidation step to regenerate the PdII catalyst.  The inherent 
challenge in realizing this catalytic cycle is the identification of an appropriate 
organometallic reagent that would be effective in the presence of the oxidant necessary 
for catalyst turnover.  Therefore, we first focused our attention on investigating the 
feasibility of such a transformation using stoichiometric palladium as the promoter of the 
! 90!
reaction before addressing the issue of oxidant/reductant compatibility in the catalytic 
version.       
Figure 6. Proposed Oxidative Formylation/Ketonylation Catalytic Cycle 
 
 
II.  Results and Discussion 
II.1:  Discovery and Optimization of Oxidative Formylation Conditions
26
 
 Initial investigations of the proposed oxidative formylation reactions were 
performed by Dr. Tim Cernak, a postdoctoral associate in the Lambert laboratory.  In Dr. 
Cernak’s preliminary studies, he identified PdCl2(PhCN)2 and !,!,!-trifluorotoluene as a 
suitable source of PdII and solvent, respectively, for the desired transformation.  Though 
he had observed the desired aldehyde product using silanes as the source of hydride, the 
results were difficult to repeat consistently.  It was at this time during the project that I 
took over the studies. 
 In order to address the reproducibility of this reaction, a thorough set of 































determine which was best suited for the transformation.  In these studies, amino alkene 
24 was subjected to one equivalent of PdCl2(PhCN)2 in trifluorotoluene under an 
atmosphere of CO for one hour followed by the addition of one equivalent of the 
indicated hydride source (Table 1).  Tributyltin hydride led to the desired aldehyde 
product (21% yield), but immediately induced palladium black formation and significant 
substrate decomposition (entry 1).  The application of silanes was more successful; 
triethylsilane and triphenylsilane generated the product in 49 and 43% yields, 
respectively, though tris(trimethylsilyl)silane failed to give product (entries 2-4).  Despite 
giving a slightly higher yield, triethylsilane led to rapid palladium black formation and a 
complex product mixture, while the triphenylsilane suppressed palladium black formation 
and gave a cleaner reaction.  Organic hydride sources were also explored because they 
had potential to be more compatible in the development of a catalytic version of this 
Table 1.  Investigation of Hydride Source 
 
a
 Determined by 1H NMR analysis using Bn2O as an internal standard. 
b Syngas (1 atm) was used 







i) PdCl2(PhCN)2 (1 equiv)
 CO (1 atm)
 PhCF3, 0 °C, 1 hr
ii)  hydride source (1 equiv)
H






























            entry         hydride source      % yielda
24 25
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reaction, but they displayed no desired reactivity (entries 5-8).  The use of syngas was 
also investigated by replacing CO with one atmosphere of syngas from the start of the 
reaction (entry 9).  Though formation of the acylpalladium intermediate occurred (as 
evidenced by acid chloride observed in the crude reaction mixture), no aldehyde was 
generated. 
Since it produced the desired product most cleanly and in decent yield, the 
reaction conditions were further optimized using triphenylsilane as the hydride source 
(Table 2).  Additional equivalents of triphenylsilane led to a significant increase in yield, 
presumably by helping to outcompete the formation of acid chloride, which was the 
major side product in the reaction (entries 2-3).  A further improvement was achieved by 
the addition of molecular sieves to the reaction (entry 4).  Another increase in yield was 
observed by lowering the reaction temperature to –15 °C (entry 5).  Finally, decreasing 
the reaction concentration to 0.05M showed a slight increase in yield, but importantly 
provided more reproducible results (entry 6).          
Table 2.  Optimization of Oxidative Formylation Conditions 
 
            a
 Determined by 1H NMR analysis using Bn2O as an internal standard. 
 


















































With these optimized conditions, the reaction was scaled up in order to provide an 
isolated yield.  Interestingly, there were inconsistencies in the results depending on what 
type of reaction vessel was used for the reaction (Table 3).  When a smaller, two-dram 
vial was used, the reaction generated the aldehyde 25 in a lower yield than expected 
(entry 1), but when the same reaction was run in a larger, 25 mL round bottom flask, the 
yield was significantly higher (entry 2).  The effect of the size of the reaction vessel 
suggested that the inconsistencies could be the result of the amount of CO saturation of 
the reaction mixture.  The larger reaction vessel provides a larger surface area for the CO 
to enter the solution, perhaps leading to a higher concentration of CO in the reaction 
mixture.  To further investigate this hypothesis, CO was bubbled through the reaction 
mixture at –15 °C before the addition of the substrate.  This protocol led to consistent 
yields, regardless of vessel size.  Applying this procedure along with a slight increase of 
the palladium loading to 1.05 equiv, these optimized conditions furnished aldehyde 24 in 
78% isolated yield as a >20:1 mixture of syn:anti isomers (Fig. 7).    
 
Table 3. Effect of Size of Reaction Vessel 
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24 25
4Å MS, CO (1 atm)
PhCF3, !15 °C, 1 hr








Figure 7. Optimized Oxidative Formylation Conditions 
 
 
II.2:  Substrate Scope for Oxidative Formylation 
 We next began our investigation of the substrate scope of the oxidative 
formylation first focusing on amino alkene substrates (Table 4).  Both !-alkyl and !-aryl 
amino substrates were efficient in this reaction providing pyrrolidine products 27 and 29 
in good yield with excellent diastereoselectivity (entries 1 and 2).  The stereoselectivity is 
influenced by the tosyl protecting group and can be explained by the stereochemical 
model shown in Fig. 8.  In order to avoid a steric interaction with the large tosyl group, 
orientation of the olefin in the pseudoaxial position is preferred, which leads to the 
observed cis-2,5-product.  Also, !-amino ester substrate 30 furnished a proline ester 
derivative (entry 3).  Substitution at the "-position was also tolerated generating 
spirocyclic product 33 (entry 4).  The use of a substrate containing an internal olefin was 
also successful, providing bicyclic aldehyde 35 (entry 5).  The construction of piperidine 
products proved to be more difficult.  Nonetheless, simple piperdine 37 was produced in 











Ph3SiH (3 equiv) H
24 25
4Å MS, CO (1 atm)




Table 4. Substrate Scope of Aminoalkenes in the Oxidative Formylationa 
 
a
 Reaction conditions:  PdCl2(PhCN)2 (1.05 equiv), 4Å molecular sieves, PhCF3 (0.05 M), CO (1 
atm), -15 °C, stirred for 1 hr.  b Determined for the 1,3-dioxolane derivatives following isolation 
and purification.  c Diastereoselectivity determined by 1H NMR on crude reaction mixtures. 
 
 




































































































 We next explored the scope of alkenylalcohol substrates to synthesize 
tetrahydrofurans and tetrahydropyrans (Table 5).  Though these substrates provided an 
added challenge of potential dimerization products via acylation of a molecule of starting 
material by the acylpalladium intermediate (see II.3 for further explanation), some types 
of substrates were successful in this reaction.  Tetrahydropyran products were achieved in 
good yield and high diastereoselectivity (entries 1-3).  Even highly congested neo-pentyl 
substrate 42 cyclized efficiently to yield complex ester substituted tetrahydropyran 43  
Table 5. Substrate Scope of Alkoxyalkenes in the Oxidative Formylationa 
 
a
 Reaction conditions:  PdCl2(PhCN)2 (1.05 equiv), 4Å molecular sieves, PhCF3 (0.05 M), CO (1 
atm), -15 °C, stirred for 1 hr.  b Determined for the 1,3-dioxolane derivatives following isolation 
and purification.  c Diastereoselectivity determined by 1H NMR on crude reaction mixtures. d 




































































(entry 3).  Secondary alcohol 44 led to the formation of tetrahydrofuran 45 in good yield 
and decent diastereoselectivity (entry 4). Finally, tertiary alcohol 46 was also tolerated to 
produce hindered tetrahydropyran 47 in good yield. 
II.3:  Limitations of Oxidative Formylation 
 During the course of our substrate scope investigations, certain types of substrates 
were found to be unsuitable for the oxidative formylation reaction.  Initially alternative 
protecting groups for the amine were investigated.  While tosyl-protected amines 
successfully generated products (See Table 4, above), both carbamate and acyl protected 
amines were incompatible with the reaction (Table 6, entry 1).  In general, substrates  
Table 6.  Limitations of Aminoalkene Substrate Scopea 
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containing disubstituted olefins proved difficult leading to low conversion (entries 2 and 
3).  Presumably, the hindered nature of these substituted olefins increases the difficultly 
of the cyclization.  Aniline derivative 52 did not lead to any product formation, likely due 
to the decreased nucleophilicity of aniline versus aliphatic amines (entry 4).  Although 
primary amine 53 was compatible with the reaction yielding aldehyde 54 as the major 
product, it exhibited no diastereoselectivity (entry 5).  Substitution at the !-position is 
necessary to achieve high stereoselectivity at the 5-position of pyrrolidine products.4d 
The most significant limitation in the scope of the alkoxy substrates is the 
incompatibility of primary alcohols due to a competing dimerization pathway.  Primary 
alcohols undergo cyclization efficiently to form the acylpalladium chloride, but the 
increased nucleophilicity of these unhindered substrates leads to formation of the ester 
side product by acylation of a second equivalent of the substrate (Fig. 9).  This pathway 
outcompetes the acylpalladium hydride formation even upon decreased cyclization times 
leading to significant consumption of the starting material and low conversion to the 
desired aldehyde.  
Figure 9. Undesired Dimerization Pathway 
 
  
II.4:  Investigations into One-Pot Multi-transformation Sequences Incorporating 
Oxidative Formylation 
 Next, we became interested in investigating the incorporation of the oxidative 
formylation methodology into a multi-transformation sequence in order to demonstrate its 
OH
 PdCl2(PhCN)2










compatibility and utility in such settings and its potential in future multicatalytic 
applications.  In our first study, we attempted a tandem oxidative formylation / Wittig 
olefination in one pot. Alkenyl amine 24 was subjected to our standard oxidative 
formylation conditions followed by the addition of the Wittig reagent, ethyl 
(triphenylphosphoranylidene)-carboxylate, which furnished !,"-unsaturated ester in 72% 
yield as a single observable diastereomer in a single reaction vessel (Fig. 10).  This 
reaction built significant complexity in one pot and introduced a new functional handle in 
the molecule. 
Figure 10.  Tandem Oxidative Formylation / Wittig Olefination 
 
In our second one pot investigation, we became interested in achieving a tandem 
oxidative formylation / reductive amination sequence.  In this example, alcohol 46 was 
subjected to standard oxidative formylation conditions to form an intermediate aldehyde. 
An excess of pyrroldine was then added and allowed to stir for two hours, followed by 
the addition of sodium cyanoborohydride.  Rather than the expected pyrrolidine 
substituted product, "-ketoamide 56 was observed as the major product.  Initially, the 
mechanism of this transformation was unclear. 
 At the same time, we began investigating a tandem oxidative formylation / 
nucleophilic addition for the synthesis of complex alcohols.  After subjecting alkenyl 


















Figure 11. Attempted Tandem Oxidative Formylation / Reductive Amination 
 
 
added (Fig. 12).  Again, an unexpected product was observed as the only identifiable 
product in the reaction.  Ketone 58 was isolated in 67% yield as a single observable 
diastereomer instead of the anticipated alcohol 59.  With these two surprising results, we 
became interested in studying the mechanism of these transformations. 
Figure 12. Attempted Tandem Oxidative Formylation / Nucleophilic Addition 
 
II.5:  Mechanistic Investigations 
 Intrigued by the formation of ketone 58 (Fig. 12), we first focused on this 
reaction. Alkenyl amine 24 was subjected to the same conditions as applied in Fig. 12 to 
ensure that this unusual result was not substrate specific.  Indeed, the ethyl ketone 60 was 
the sole observable product.  To explain this result, we first hypothesized that the desired 
alcohol was being formed via nucleophilic addition to the intermediate aldehyde and then 
oxidized under the reaction conditions to generate the observed ketone product.   
In order to test this hypothesis, we independently synthesized and isolated 















































subjected to standard oxidative formylation conditions, followed by the addition of 
exogenous aldehyde 61 to the reaction mixture, and finally excess diethylzinc.  If our 
hypothesis was accurate, aldehyde 61 would mimic the intermediate aldehyde derived 
from the original substrate, both undergoing nucleophilic addition by diethylzinc 
followed by oxidation to yield two ethyl ketone products.  Instead, alkenyl amine 24 led 
to the expected formation of ethyl ketone 60, while aldehyde 61 remained unaltered.  Not 
only had no ketone derivative resulted from aldehyde 61, nucleophilic addition by 
diethylzinc had not even occurred under these reaction conditions.  Therefore, these 
results suggested that diethylzinc must be adding to an intermediate in the aldehyde 
formation, rather than to the aldehyde itself. 
Figure 13.  Investigation of Potential Alcohol Oxidation 
 
 These findings implied that during the oxidative formylation, reductive 
elimination of the acylpalladium hydride must not occur until workup. Thus, the 
acylpalladium hydride would appear to be particularly stable and consequently can be 
manipulated under the reactions conditions.  Therefore, the addition of diethylzinc after 
oxidative formylation results in transmetallation of the zinc reagent with the 
acylpalladium hydride to generate an acylpalladium alkyl species XI (Fig. 14).  
Reductive elimination of this intermediate is observed in complete preference to the 
reductive elimination of the acylpalladium hydride X.  Interestingly, the addition of 

























corresponding methyl ester, but rather the aldehyde product is observed.  Therefore, the 
acylpalladium hydride is not susceptible to nucleophilic attack by methanol, which 
further supports our transmetallation hypothesis for ketone formation.  
Figure 14. Fate of the Acylpalladium Intermediate 
 
 The better understanding of the stability of the acylpalladium hydride 
intermediate also helped to explain the mechanism of the unexpected !-ketoamide 56 
observed in the attempted tandem reductive amination pathway (Fig. 15).  Such double 
carbonylations have been reported using Pd0 as a catalyst in the presence of a secondary 
amine using aryl halides (Fig. 15a).27  Based on the reported mechanism for the Pd0 
catalyzed reaction, our proposed mechanism involves the coordination of a second 
molecule of CO by the acylpalladium hydride XIII followed by nucleophilic attack by 


































































diacylpalladium intermediate XIV, which forms the observed product upon reductive 
elimination. 
Figure 15. Double Carbonylation 
 
 
II.6: Optimization of Oxidative Ketonylation Conditions 
 Though initially surprised by these observations in our multi-transformation 
studies, the discovery of ketone formation led to the realization of our second goal, an 
oxidative ketonylation reaction.  The addition of three equivalents of diethylzinc in place 
of the triphenylsilane following standard conditions to form the acylpalladium 
intermediate provided the ethyl ketone 60 in 95% yield (Table 7, entry 1).  This 
significant increase in yield as compared to the formylation reaction suggests that the 
reductive elimination of the acylpalladium alkyl intermediate is more efficient than that 
of the acylpalladium hydride species, avoiding decomposition or side product formation.  
Further screening of the equivalents of diethylzinc necessary for the ketonylation 
revealed that the equivalents of could be reduced to only 0.5 equivalents of the 







































(entry 5).  These results indicated that both ethyl groups could be efficiently 
transmetallated from the organometallic reagent to the acylpalladium intermediate.  This 
observation is particularly remarkable given that an equivalent of HCl is produced during 
the course of this reaction, but it does not affect the reactivity of the organometallic 
reagent.  These results also indicated that alkyl zinc halides would be effective alkyl 
sources for this transformation.   
Table 7. Optimization of Equivalents of Organometallic Reagenta 
 
a
 Reaction conditions:  PdCl2(PhCN)2 (1.05 equiv), 4Å molecular sieves, PhCF3 (0.075 M), CO (1 
atm), -15 °C.  Indicated organometallic reagent was then added and stirred at -15 °C for 30 min.   
b Determined by 1H NMR analysis using Bn2O as an internal standard. 
 
 Next, various organometallic coupling partners were surveyed for their 
compatibility with this reaction (Table 8).  As anticipated from the study above, phenyl 
zinc chloride proved viable producing the phenyl ketone 64 in high yield (entry 1).  
Phenyl tributyltin was also shown to be an effective organometallic coupling partner, 
generating the ketone just as efficiently using 1.5 equivalents of the stannane as when 
using 3.0 equivalents (entries 2 and 3).  Reasonable yield was also achieved when 
lowering the phenyl tributyltin loading to 1.1 equivalents (entry 4).  The ability to use 





































reaction given that so many are commercially available.  Phenyl Grignard produced the 
ketone in diminished yield (entry 5), while phenyllithium and phenylboronic acid proved 
to be poor coupling partners in this transformation (entries 6 and 7).   




 Reaction conditions:  PdCl2(PhCN)2 (1.05 equiv), 4Å molecular sieves, PhCF3 (0.075 M), CO (1 
atm), -15 °C. b Determined by 1H NMR analysis using Bn2O as an internal standard. 
 
II.7:  Substrate Scope for Oxidative Ketonylation 
 In probing the substrate scope, we first explored the ketonylation with zinc 
coupling partners (Table 9).  Commercially available dimethyl zinc worked efficiently to 
produce methyl ketones 65 and 66 in good yield and excellent diastereoselectivity 
(entries 1 and 2).  Phenyl ketone 67 was generated using a benzylic amine substrate and 
phenyl zinc chloride (entry 3).  As observed in the formylation chemistry, a piperidine 
adduct could be synthesized, though less efficiently (entry 4).  As shown in our initial 















































Table 9. Substrate Scope in the Oxidative Ketonylation with Zn Coupling Reagentsa 
 
a Reaction conditions:  PdCl2(PhCN)2 (1.05 equiv), 4Å molecular sieves, PhCF3 (0.075 M), CO (1 
atm), -15 °C, stirred for 30 min.  b Diastereoselectivity determined by 1H NMR on crude reaction 
mixtures. 
 
 We also explored the use of stannanes as coupling partners since they were shown 
to be very effective in our earlier screening.  The larger variety of commercially available 
stannanes greatly increases the scope of this reaction enabling the synthesis of more 
complex ketones with new functional handles.  For example, !,"-unsaturated ketone 69 
was furnished from alkenylamine 24 using allyl tributyltin, though in modest yield (entry 
1).  Also, a highly reactive #,!-unsaturated ketone moiety was generated by utilizing 
vinyl tributyltin in remarkably high yield (entry 2).  Furanyl ketones were constructed 
















































































Table 10. Substrate Scope in the Oxidative Ketonylation with Tin Coupling Reagentsa 
 
a Reaction conditions:  PdCl2(PhCN)2 (1.05 equiv), 4Å molecular sieves, PhCF3 (0.075 M), CO (1 
atm), -15 °C, stirred for 30 min.  b Diastereoselectivity determined by 1H NMR on crude reaction 
mixtures. 
 
II.8: Investigation into One-Pot Multi-transformation Sequence Incorporating 
Oxidative Ketonylation 
 In order to demonstrate the ability of the oxidative ketonylation procedures to 
facilitate one-pot, multi-transformation processes, alkenylamine 24 was subjected to 
standard ketonylation conditions applying vinyl tributyltin as the organometallic coupling 
partner (Fig. 16).  Subsequent addition of cyclopentadiene to the intermediate vinyl 
ketone induced a Diels-Alder reaction to construct complex ketone 73 in 89% yield in a 
































































Figure 16.  Tandem Oxidative Ketonylation / Diels-Alder 
 
II.9: Enantioselective Oxidative Carbonylation 
 Enantiomerically pure N-tert-butanesulfinamide, first synthesized by Ellman in 
1997, has proven a versatile chiral auxiliary and found wide application in the 
asymmetric synthesis of amines.28  Though most commonly used for asymmetric 
nucleophilic addition of N-tert-butanesulfinyl imines, it has also been shown to be an 
effective protecting group for alkenyl amine substrates in electrophilic cyclization 
reactions.29  Therefore, we proposed the development of an asymmetric oxidative 
formylation reaction utilitzing the N-tert-butanesulfinamide as a protecting group. 
 In our proposed reaction, the N-tert-butanesulfinyl protecting group would direct 
the cyclization step to form the protected pyrrolidine product with high 
diastereoselectivity (Fig. 17a).  The protecting group can be easily removed under acidic 
conditions.30  Since an equivalent of HCl is generated during the course of our 
formylation reaction, the protecting group would likely be removed in situ, releasing the 
enantioenriched pyrrolidine product. 
 The N-tert-butanesulfinyl protected 4-pentenylamine 74 was synthesized using 
enantiomerically pure (R)-N-tert-butanesulfinamide and subjected to standard oxidative 
carbonylation conditions (Fig. 17b).  Instead of the desired aldehyde, non-carbonylated 



















the desired stereoselective cyclization occurred, no CO insertion was observed.  One 
possible explanation for these results is the coordination of the sulfinyl group with the 
PdII.  If this coordination site is blocked, then CO would not be able to coordinate and 
undergo migratory insertion.  Instead, the PdII would be trapped by the protecting group 
and then displaced by hydride to provide the observed product. 
Figure 17. Enantioselective Oxidative Carbonylation Attempt 
 
II.10: Progress Towards Catalysis 
 Some attempts have been made in the incorporation of an oxidant into the 
reaction to achieve turnover thereby realizing a catalytic cycle in the oxidative 
formylation.  Many standard oxidants were screened using standard oxidative 
formylation conditions (Table 11).  While CuCl2 led to the formation of the acid chloride 
adduct (entry 1), all others failed to turn over the catalyst or lead to a productive reaction 
(entries 2-9).  Additional optimization will be necessary to identify an appropriate 











4Å MS, CO (1 atm)
















































a Reaction conditions:  Standard oxidative formylation conditions using 10 mol % PdCl2(PhCN)2 
and 1 equiv of indicated oxidant.  b This table was completed by Dr. Tim Cernak.  
 
III.  Conclusion 
 In summary, we have developed the first examples of oxidative formylation and 
ketonylation reactions.  These newly developed transformations provide novel synthetic 
tools to rapidly build important heterocyclic architectures without the need for redox 
manipulations.  We have shown that these methods can be successfully incorporated into 
one-pot, multi-transformation sequences that utilize the intermediate reactive carbonyl 
groups to do further chemistry and introduce more functionality into the final products. 
Our mechanistic investigations have identified a stable acylpalladium hydride 
intermediate that can be manipulated in solution.  Though it has not yet been rendered 
catalytic, the significant increase in complexity generated in these reactions makes them 
powerful methods for the synthesis of heterocycles.  In fact, the utility of our ketonylation 
method has been demonstrated in a recent report of tetrahydropyran natural products 
syntheses.31  Further work will be necessary to identify a suitable oxidant to achieve 
catalysis in these transformations.  
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V. Experimental Section 
 
General Information:  All reactions were performed using base-washed, oven-dried 
glassware under an atmosphere of argon (dried by passage through Drierite) or carbon 
monoxide.  Reagents and solvents were transferred under argon by syringe.  Organic 
solutions were concentrated under reduced pressure using a Buchi rotary evaporator.  
!,!,!-Trifluorotoluene purchased from Aldrich was distilled from potassium carbonate, 
degassed by freeze-pump-thaw method and stored under an atmosphere of carbon 
monoxide.  Diethyl ether, tetrahydrofuran, and dichloromethane were dried using a J.C. 
Meyer solvent purification system.  PdCl2(PhCN)2 was prepared according to known 
procedure1 from PdCl2 purchased from Strem or Aldrich and benzonitrile purchased from 
TCI America.  All other reagents were used as received unless specified. Flash column 
chromatography was performed employing 32-63 !m silica gel (Dynamic Adsorbents 
Inc) or basic alumina (Fluka, pH 9.5).  Thin-layer chromatography (TLC) was performed 
on silica gel 60 F254 plates (EMD). 
 1H and 13C NMR were recorded in CDCl3 on Brucker DRX-300 and DRX-400 as 
noted, and are internally referenced to the residual solvent peak.  Data from 1H NMR are 
reported as follows:  chemical shift (" ppm), multiplicity (s = singlet, brs = broad singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet), integration, coupling constant (Hz) 
and assignment.  Data for 13C NMR are reported in terms of chemical shift.   IR spectra 
were recorded on a Nicolet Avatar 370 DTGS (Thermo) using NaCl salt plates and 
reported in terms of frequency of absorption (cm-1).   Low-resolution mass spectra (MS) 
  
115 
were acquired on a JEOL JMS-LCmate liquid chromatography mass spectrometer system 
using APCI+ ionization technique. 
 
Synthesis of Substrates 
 
4-methyl-N-(2-methylhept-6-en-3-yl)benzenesulfonamide (24):  
Prepared according to procedure by Lambert to yield a colorless oil.2 
 
N-(hex-5-en-2-yl)-4-methylbenzenesulfonamide (26):  Prepared 
according to the procedure by Curini to yield a colorless oil. 3 
 
4-methyl-N-(1-phenylpent-4-enyl)benzenesulfonamide (28): A 
solution of 1-phenylpent-4-en-1-amine4 (0.41 g, 2.5 mmol, 1.0 equiv), 
triethylamine (0.70 mL, 5.0 mmol, 2.0 equiv), and 4-dimethylaminopyridine (30.5 mg, 
0.25 mmol, 0.1 equiv) in 8 mL of CH2Cl2 was cooled to 0 °C.  A solution of p-
toluenesulfonyl chloride (572 mg, 3.0 mmol, 1.2 equiv) in 2 mL of CH2Cl2 was slowly 
added to the reaction, which then stirred at room temperature overnight.  The reaction 
was then diluted with CH2Cl2 (10 mL), washed with 1M HCl (1 ! 10 mL), water (1 ! 10 
mL) and brine (1 ! 10 mL), dried over anhydrous sodium sulfate and concentrated in 
vacuo.  After column chromatography using silica and eluting with 5% EtOAc:Hexanes, 
the title compound was obtained as a white solid (459 mg, 58% yield). 
1H NMR (300 MHz, CDCl3) " 7.53 (d, 2 H, J = 8.4, Ar-H), 7.16-7.14 (m, 3 H, Ar-H), 
7.11 (d, 2 H, J = 8.4, Ar-H), 7.01-6.98 (m, 2 H, Ar-H), 5.77-5.64 (m, 1 H, CH=CH2), 









ArCH3), 2.03-1.72 (m, 4 H, CH2CH2).  
13C NMR (75 MHz, CDCl3) ! 143.1, 140.8, 
137.8, 137.3, 129.4, 128.6, 127.6, 127.2, 126.6, 115.7, 58.0, 36.8, 30.1, 21.6.  IR 3280, 
3070, 3035, 2930, 2854, 1449, 1337, 1155, 1099, 924, 812, 708, 659 cm-1.  LRMS 
(APCI+) exact mass calculated for C18H22NO2S
+ (MH+) requires m/z 316.4, measured 
316.1. 
 
methyl 2-(4-methylphenylsulfonamido)hex-5-enoate (30): A 
solution of N-(Diphenylmethylene)glycine methyl ester5 (447 mg, 
1.76 mmol, 1.0 equiv) in 3 mL DMF was added to a 0 °C suspension of 60% NaH (74 
mg, 1.85 mmol, 1.05 equiv) in 10 mL DMF.  After stirring for 30 min at 0 °C, NaI (26 
mg, 0.176 mmol, 0.1 equiv) and 4-bromo-1-butene (0.36 mL, 3.53 mmol, 2.0 equiv) were 
added.  The reaction mixture was stirred for 90 min at 50 °C.  After cooling, the reaction 
was diluted with 30 mL of ether and washed with water (5 " 20 mL) and brine (1 " 20 
mL). The organic layer was dried over anhydrous sodium sulfate and concentrated in 
vacuo.  The crude product was then stirred overnight in a mixture of 5 mL of 1 M HCl 
and 5 mL ether at 23 °C.  The layers were then separated and sodium carbonate was 
added to the aqueous layer until it reached pH 9.  The aqueous layer was then extracted 
with 5% MeOH:CH2Cl2 (5 " 10 mL) and then the organic layer was washed with brine (1 
" 20 mL).  After drying over anhydrous sodium sulfate and concentrating in vacuo, the 
product was carried crude into the next reaction.  A solution of the amino ester, 
triethylamine (0.29 mL, 1.64 mmol, 2.0 equiv), and 4-dimethylaminopyridine (10 mg, 
0.082 mmol, 0.1 equiv) in 3 mL of CH2Cl2 was cooled to 0 °C.  A solution of p-





added to the reaction, which then stirred at room temperature for 6 h.  The reaction 
mixture was then diluted with CH2Cl2 (5 mL), washed with water (1 ! 5 mL) and brine (1 
! 5 mL), dried over anhydrous sodium sulfate and concentrated in vacuo.  After column 
chromatography using silica and eluting with a gradient of 10-20% EtOAc:Hexanes, the 
title compound was obtained as a white solid (241 mg, 46% yield over three steps). 
1H NMR (300 MHz, CDCl3) " 7.71 (d, 2 H, J = 8.1, Ar-H), 7.28 (d, 2 H, J = 8.4, Ar-H), 
5.77-5.64 (m, 1 H, CH=CH2), 5.24 (d, 1 H, J = 9.3, TsNH), 5.01-4.96 (m, 2 H, 
CH=CH2), 3.95-3.88 (m, 1 H, TsNHCH), 3.48 (s, 3H, OCH3), 2.40 (s, 3H, CH3), 2.10 (q, 
2H, J = 7.5, CH2), 1.86-1.63 (m, 2 H, CH2).  
13C NMR (75 MHz, CDCl3) "  172.2, 143.7, 
136.8, 136.6, 129.7, 127.4, 116.1, 55.2, 52.5, 32.6, 29.1, 21.6.   IR 3273, 2951, 2917, 
1742, 1637, 1595, 1435, 1330, 1169, 1092, 812, 652 cm-1.  LRMS (APCI+) exact mass 
calculated for C14H20NO4S
+ (MH+) requires m/z 298.4, measured 298.2. 
 
N-((1-allylcyclohexyl)methyl)-4-methylbenzenesulfonamide (32):  
Prepared according to the procedure by Hegedus to yield a colorless oil.6 
 
N-(2-(cyclopent-2-enyl)ethyl)-4-methylbenzenesulfonamide (34): To a 
suspension of LiAlH4 (1.51 g, 39.8 mmol, 2.5 equiv) in 80 mL THF cooled 
to 0 °C, a solution of 2-cyclopentene-1-acetic acid (1.66 g, 14.8 mmol, 1.0 equiv) in 16 
mL THF was slowly added.  The reaction was heated to reflux for 3 h and then cooled to 
0 °C.  The reaction mixture was diluted with ether (100 mL) and then water (2 mL), 1 M 
NaOH (2 mL), and water (4 mL) were added sequentially.  After stirring 1 h, the reaction 






concentrated in vacuo to yield the alcohol as a colorless oil (1.66 g, 93% yield). A 
solution of the alcohol, triethylamine (4.1 mL, 29.6 mmol, 2.0 equiv), and 4-
dimethylaminopyridine (90 mg, 0.74 mmol, 0.05 equiv) in 44 mL of CH2Cl2 was cooled 
to 0 °C.  A solution of p-toluenesulfonyl chloride (3.39 g, 17.8 mmol, 1.2 equiv) in 12 
mL of CH2Cl2 was slowly added to the reaction, which then stirred at room temperature 
overnight. The reaction was then diluted with CH2Cl2 (40 mL), washed with water (1 ! 
40 mL) and brine (1 ! 40 mL), dried over anhydrous sodium sulfate and concentrated in 
vacuo.  After column chromatography using silica and eluting with a gradient of 5-10% 
EtOAc:Hexanes, 2-(cyclopent-2-enyl)ethyl 4-methylbenzenesulfonate was obtained as a 
colorless oil (3.51 mg, 89% yield).   
1H NMR (300 MHz, CDCl3) " 7.79 (d, 2 H, J = 8.1, Ar-H), 7.34 (d, 2 H, J = 8.1, Ar-H), 
5.72-5.69 (m, 1 H, CH=CH), 5.56-5.53 (m, 1 H, CH=CH), 4.07 (t, 2 H, J = 6.0, 
CH2OTs), 2.73-2.66 (m, 1 H, CH), 2.45 (s, 3 H, ArCH3), 2.37-2.16 (m, 2 H, 
CH=CHCH2), 2.04-1.92 (m, 1 H, CH2), 1.82-1.70 (m, 1 H, CH2), 1.67-1.56 (m, 1 H, 
CH2), 1.38-1.27 (m, 1 H, CH2).  
13C NMR (75 MHz, CDCl3) " 144.8, 133.6, 133.4, 
131.5, 130.0, 128.0, 69.7, 41.9, 35.0, 32.0, 29.6, 21.7.  IR  3056, 2924, 2854, 1609, 1372, 
1176, 1099, 952, 903, 812, 652 cm-1.  LRMS (APCI+) exact mass calculated for 
C14H19O3S
+ (MH+) requires m/z 267.4, measured 267.0. 
The tosylate synthesized above (2.0 g, 7.5 mmol, 1.0 equiv), potassium carbonate (2.07 g, 
15.0 mmol, 2.0 equiv), and p-toluenesulfonamide (1.93 g, 11.3 mmol, 1.5 equiv) in 10 
mL of acetone were heated to reflux overnight.  The reaction was then concentrated and 
diluted with EtOAc (30 mL).  After washing with water (1 ! 20 mL) and brine (1 ! 20 
mL) and drying over anhydrous sodium sulfate, it was concentrated in vacuo.  After 
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column chromatography using silica and eluting with a gradient of 5-10% 
EtOAc:Hexanes, the title compound was obtained as a colorless oil (1.21 g, 56% yield).  
1H NMR (300 MHz, CDCl3) ! 7.75 (d, 2 H, J = 8.1, Ar-H), 7.31 (d, 2 H, J = 7.8, Ar-H), 
5.72-5.70 (m, 1 H, CH=CH), 5.57-5.54 (m, 1 H, CH=CH), 4.40 (t, 1 H, J = 5.7, TsNH), 
2.97 (q, 2 H, J = 7.2, TsNHCH2), 2.67-2.61(m, 1 H, CH), 2.43 (s, 3 H, ArCH3), 2.33-
2.20 (m, 2 H, CH=CHCH2), 2.04-1.92 (m, 1 H, CH2), 1.63-1.51 (m, 1 H, CH2), 1.50-1.41 
(m, 1 H, CH2), 1.38-1.28 (m, 1 H, CH2).  
13C NMR (75 MHz, CDCl3) ! 143.5, 137.7, 
137.1, 133.9, 131.4, 129.8, 127.2, 42.9, 42.0, 35.8, 32.0, 29.6, 21.6.  IR  3278, 2935, 
2843, 1422, 1317, 1161, 1087, 752, 665 cm-1.  LRMS (APCI+) exact mass calculated for 
C14 H20NO2S
+ (MH+) requires m/z 266.4, measured 266.0. 
N-hex-5-enyl(4-methylphenyl)sulfonamide (36):  Prepared according to the 
procedure by Curini to yield a colorless oil.3 
 
 (syn)-2-(but-3-enyl)cyclohexanol (38): Prepared according to 
procedure by Hsieh to yield a colorless oil.7 
 
2-benzyl-1-phenylhex-5-en-2-ol (46):  To solution of methyl 4-
pentenoate (0.60 g, 5.3 mmol, 1.0 equiv) in 49 mL THF cooled to –78 
°C, a 2.0 M solution of benzyl magnesium chloride in ether (6.6 mL, 13.3 mmol, 2.5 
equiv) was slowly added.  The reaction was warmed to 23 °C and stirred for 2 h.  The 
reaction was quenched at 0 °C with 30 mL saturated ammonium chloride solution.  After 
separating the layers, the aqueous layer was extracted with ether (3 " 20 mL).  The 











sulfate and concentrated in vacuo.  After column chromatography using silica and eluting 
with 5% EtOAc:Hexanes, the title compound was obtained as a pale yellow oil (0.80 g, 
59% yield). 
1H NMR (300 MHz, CDCl3) ! 7.40-7.28 (m, 2 H, Ar-H), 5.90-5.77 (m, 1 H, CH=CH2), 
5.11-4.98 (m, 2 H, CH=CH2), 2.88 (s, 4 H, PhCH2), 2.36-2.28 (m, 2 H, CH2), 1.55-1.49 
(m, 2 H, CH2). 
13C NMR (75 MHz, CDCl3) ! 138.6, 137.3, 130.8, 128.3, 126.6, 114.6, 
74.2, 45.6, 37.4, 28.4.  IR 3568, 3470, 3061, 3025, 2923, 1637, 1606, 1499, 1446, 1370, 
1268, 1085, 1036, 903, 756, 725, 698 cm-1.  LRMS (APCI+) exact mass calculated for 
C19H23O
+ (MH+) requires m/z 267.4 measured 267.2. 
 
Synthesis of Aldehydes 
General Procedure A (for Oxidative Formylation):  An oven-dried round bottom flask 
with a magnetic stir bar was charged with PdCl2(PhCN)2 (1.05 eq) and flamed-dried, 
ground 4Å molecular sieves (500 mg/mmol of substrate).  The flask was evacuated and 
backfilled with carbon monoxide via balloon three times and ",","-trifluorotoluene (9.2 
mL/mmol) was added.  The solution was cooled to -15 °C in a salt-ice bath and carbon 
monoxide was bubbled through the solution for 30 min.  A 0.24 M trifluorotoluene 
solution of substrate (filtered through silica gel before use) cooled to -15 °C was added.  
The reaction stirred until completion of reaction (10-60 min).  A 0.45 M trifluorotoluene 
solution of triphenylsilane (3 equiv) cooled to -15 °C was added quickly and stirred for 
10 minutes.  Ethylene glycol (5 equiv) was added and the reaction was warmed to 23 °C.  
After 3 hrs, the reaction was filtered through a plug of celite and concentrated in vacuo.  
  
121 
The product was purified by flash chromatography on silica gel or alumina using 
indicated eluant. 
Troubleshooting:  This reaction is sensitive to the saturation of the reaction solvent by 
CO.  For best reproducibility, reactions are run in larger reactions vessels (25 mL and 50 
mL round bottom flasks for 0.1-0.2 mmol reactions) to increase the surface area for CO 
absorption.  After allowing the PdCl2(PhCN)2 to dissolve in the solvent and then cooling 
the reaction, bubble CO through the reaction mixture before addition of the substrate to 
ensure maximum CO solubility.  Finally, the solutions of both the substrate and silane 
must be cooled to the reaction temperature before very quick additions to the reaction 
vessel.  The best results have been obtained using PdCl2(PhCN)2 synthesized from PdCl2 
purchased from Strem. 
 
(syn)-2-((1,3-dioxolan-2-yl)methyl)-5-isopropyl-1-
tosylpyrrolidine (S1): Following General Procedure A, N-tosyl-
1-isopropyl-4-pentenylamine (40.0 mg, 0.142 mmol, 1.0 equiv), PdCl2(PhCN)2 (56.4 mg, 
0.147 mmol, 1.05 eq), 4Å molecular sieves (70 mg), Ph3SiH (111 mg, 0.426 mmol, 3.0 
eq), and ethylene glycol (40 µL, 0.71 mmol, 5.0 equiv) yielded the title compound as a 
white solid (39.1 mg, 78% yield) after flash chromatography on silica using a gradient of 
1-5% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.72 (d, 2 H, J = 8.4, Ar-H), 7.29 (d, 2 H, J = 8.4, Ar-H), 
4.95 (t, 1 H, J = 5.1, CH2CH(OR)2), 3.99-3.90 (m, 2 H, -OCH2), 3.90-3.84 (m, 2 H, -
OCH2), 3.79-3.74 (m, 1 H, TsNCH-), 3.40 (q, 1 H, J = 6.9,  TsNCH-), 2.41 (s, 3 H, 








1.67 (m, 1 H, CH2CH(OR)2), 1.65-1.55 (m, 2 H, CH2), 1.52-1.42 (m, 1H, CH2), 1.35-
1.24 (m, 1H, CH2), 0.96 (d, 3 H, J = 6.9, CH3), 0.90 (d, 3 H, J = 6.7, CH3).  
13C NMR (75 
MHz, CDCl3) ! 143.3, 135.1, 129.7, 127.8, 102.6, 67.3, 64.9, 64.7, 58.1, 41.1, 31.7, 30.3, 
25.5, 21.6 20.2, 17.5.  IR 2958, 2867, 1602, 1330, 1148, 1085, 1036, 994, 819, 658 cm-1.  
LRMS (APCI+) exact mass calculated for C18H28NO4S




pyrrolidine (S2): Following General Procedure A, N-(1-
methylpent-4-en-1-yl)(4-methylphenyl)sulfonamide (40.0 mg, 0.158 mmol, 1.0 equiv), 
PdCl2(PhCN)2 (63.6 mg, 0.166 mmol, 1.05 equiv), 4Å molecular sieves (79 mg), Ph3SiH 
(123 mg, 0.474 mmol, 3.0 equiv), and ethylene glycol (44 µL, 0.79 mmol, 5.0 equiv) 
yielded the title compound as a white solid (39.5 mg, 77% yield) after flash 
chromatography on alumina using a gradient of 5-20% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.73 (d, 2 H, J = 8.1, Ar-H), 7.29 (d, 2 H, J = 8.1, Ar-H), 
4.98 (t, 1 H, J = 4.8, CH2CH(OR)2), 4.00-3.90 (m, 2 H, -OCH2CH2O-), 3.88-3.81 (m, 2 
H, -OCH2CH2O-), 3.79-3.74 (m, 1 H, TsNCH-), 3.70-3.75 (m, 1 H, TsNCH-), 2.42 (s, 3 
H, ArCH3), 2.32 (dt, 1 H, J = 5.1, 13.8, CH2CH(OR)2), 1.85-1.76 (m, 1 H, 
CH2CH(OR)2), 1.73-1.45 (m, 4 H, CH2), 1.33 (d, 3 H, J = 6.3, CH3).  
13C NMR (75 
MHz, CDCl3) ! 143.3, 135.1, 129.7, 127.7, 102.6, 64.9, 64.8, 58.3, 57.5, 41.4, 32.2, 20.4, 
23.7, 21.6.   IR  2968, 2922, 2871, 1604, 1340, 1157, 1099, 1036, 664 cm-1.  LRMS 
(APCI+) exact mass calculated for C16H24NO4S










(S3): Following General Procedure A, 4-methyl-N-(1-phenylpent-
4-enyl)benzenesulfonamide (40.0 mg, 0.127 mmol, 1.0 equiv), PdCl2(PhCN)2 (51.1 mg, 
0.133 mmol, 1.05 equiv), 4Å molecular sieves (64 mg), Ph3SiH (99.2 mg, 0.381 mmol, 
3.0 equiv), and ethylene glycol (35 µL, 0.64 mmol, 5.0 equiv) yielded the title compound 
as a white solid (39.7 mg, 81% yield) after flash chromatography on silica using a 
gradient of 5-20% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.72 (d, 2 H, J = 8.1, Ar-H), 7.37-7.20 (m, 6 H, Ar-H), 
5.00 (t, 1 H, J = 5.1, CH2CH(OR)2), 4.71 (t, 1 H, J = 6.6, TsNCHPh), 4.02-3.92 (m, 3 H, 
-OCH2CH2O- and TsNCH-), 3.88-3.84 (m, 2 H, -OCH2CH2O-), 2.53 (dt, 1 H, J = 4.8, 
13.8, CH2CH(OR)2), 2.43 (s, 3 H, ArCH3),  1.97-1.84 (m, 3 H, CH2CH(OR)2 and CH2), 
1.69 (q, 2 H, J = 6.3, CH2 ). 
13C NMR (75 MHz, CDCl3) ! 143.5, 142.7, 135.1, 129.7, 
128.5, 127.9, 127.1, 126.3, 102.7, 65.0, 64.8, 64.7, 58.6, 40.9, 34.4, 30.6, 21.7.  IR  2970, 
2883, 1600, 1487, 1439, 1335, 1152, 1087, 1035, 743, 665 cm-1.  LRMS (APCI+) exact 
mass calculated for C21H26NO4S
+ (MH+) requires m/z 388.2, measured 388.0. 
 
(syn)-methyl-5-((1,3-dioxolan-2-yl)methyl)-1-tosyl 
pyrrolidine-2-carboxylate (S4): Following General 
Procedure A, methyl 2-(4-methylphenylsulfonamido)hex-5-enoate (40.0 mg, 0.135 
mmol, 1.0 equiv), PdCl2(PhCN)2 (54.2 mg, 0.141 mmol, 1.05 equiv), 4Å molecular 
sieves (68 mg), Ph3SiH (105 mg, 0.405 mmol, 3.0 equiv), and ethylene glycol (41 µL, 
0.68 mmol, 5.0 equiv) yielded the title compound as a pale yellow oil (32.7 mg, 66% 













1H NMR (300 MHz, CDCl3) ! 7.75 (d, 2 H, J = 8.4, Ar-H), 7.31 (d, 2 H, J = 8.1, Ar-H), 
4.96 (t, 1 H, J = 4.8,  CH2CH(OR)2), 4.23 (t, 1 H, J = 6.0, TsNCHCO2CH3), 3.97-3.81 
(m, 5 H, -OCH2CH2O- and TsNCH-), 3.74 (s, 3 H, CO2CH3), 2.42 (s, 3 H, ArCH3), 2.35 
(dt, 1 H, CH2CH(OR)2), 1.99-1.65 (m, 5 H, CH2CH(OR)2 and CH2CH2).  
13C NMR (75 
MHz, CDCl3) ! 172.7, 143.9, 135.2, 129.9, 127.8, 102.5, 65.0, 64.8, 61.7, 58.3, 52.7, 
39.9, 31.1, 29.5, 21.7.   IR  2951, 2881, 1763, 1595, 1344, 1197, 1155, 1015, 812, 666 
cm-1.  LRMS (APCI+) exact mass calculated for C17 H24NO6S
+ (MH+), requires m/z 
370.1, measured 370.2. 
 
3-((1,3-dioxolan-2-yl)methyl)-2-tosyl-2-azaspiro[4.5]decane 
(S5): Following General Procedure A, N-((1-
allylcyclohexyl)methyl)-4-methylbenzenesulfonamide (40.0 mg, 0.130 mmol, 1.0 equiv), 
PdCl2(PhCN)2 (52.4 mg, 0.137 mmol, 1.05 equiv), 4Å molecular sieves (65 mg), Ph3SiH 
(102 mg, 0.390 mmol, 3.0 equiv), and ethylene glycol (36 µL, 0.65 mmol, 5.0 equiv) 
yielded the title compound as a colorless oil (36.7 mg, 74% yield) after flash 
chromatography on silica using a gradient of 5-20% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.73 (d, 2 H, J = 8.4, Ar-H), 7.30 (d, 2 H, J = 8.1, Ar-H), 
4.91 (dd, 1 H, J =  4.2, 5.7, CH2CH(OR)2), 3.99-3.89 (m, 2 H, -OCH2CH2O-), 3.85-3.81 
(m, 2 H, -OCH2CH2O-), 3.66-3.58 (m, 1 H, TsNCH-), 3.24 (d, 1 H, TsNCH2-), 3.10 (d, 1 
H, TsNCH2-), 2.68-2.61 (m, 1 H, CH2CH(OR)2), 2.41 (s, 3 H, ArCH3), 1.94-1.80 (m, 2 
H, CH2CH(OR)2 and CH2), 1.56-1.50 (m, 1 H, CH2), 1.42-1.13 (m, 8 H, CH2), 0.80-0.73 
(m, 1 H, CH2), 0.64-0.60 (m, 1 H, CH2).  
13C NMR (75 MHz, CDCl3) ! 143.3, 134.9, 





IR  2924, 2847, 1595, 1449, 1337, 1162, 1085, 1043, 938, 819, 659 cm-1.  LRMS 
(APCI+) exact mass calculated for C20H30NO4S
+ (MH+) requires m/z 380.2, measured 
380.3. 
(syn)-6-(1,3-dioxolan-2-yl)-1-tosyloctahydrocyclopentapyrrole (S6): 
Following General Procedure A, N-(2-(cyclopent-2-enyl)ethyl)-4-
methylbenzenesulfonamide (35.0 mg, 0.132 mmol, 1.0 equiv), 
PdCl2(PhCN)2 (60.7 mg, 0.158 mmol, 1.2 equiv), 4Å molecular sieves (66 mg), Ph3SiH 
(103 mg, 0.396 mmol, 3.0 equiv), and ethylene glycol (37 µL, 0.66 mmol, 5.0 equiv) 
yielded the title compound as a white solid (29.4 mg, 66% yield) after flash 
chromatography on alumina using a gradient of 2-15% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.76 (d, 2 H, J = 8.4, Ar-H), 7.32 (d, 2 H, J = 8.1,  Ar-H), 
5.08 (d, 1 H, J = 3.6, CH2CH(OR)2), 4.04-3.84 (m, 4 H, -OCH2CH2O-), 3.77 (dd, 1 H, 
NTsCH), 3.50-3.42 (m, 1 H, TsNCH2), 3.13-3.05 (m, 1 H, TsNCH2), 2.66-2.61 (m, 1 H, 
CHCH(OR)2), 2.50-2.42 (m, 1 H, CH2), 2.42 (s, 1 H, ArCH3), 1.89-1.73 (m, 2 H, CH2), 
1.69-1.41 (m, 4 H, CH2 and CH).  
13C NMR (75 MHz, CDCl3) ! 143.4, 134.3, 129.7, 
128.0, 104.9, 66.5, 65.3, 65.1, 50.1, 49.4, 44.3, 30.6, 30.4, 24.8, 21.7.  IR  2952, 2865, 
1591, 1343, 1152, 1109, 1026, 813, 652 cm-1.  LRMS (APCI+) exact mass calculated for 
C17H24NO4S
+ (MH+) requires m/z 338.1, measured 338.9. 
 
2-((1,3-dioxolan-2-yl)methyl)-1-tosylpiperidine (S7):  Following 
General Procedure A, N-hex-5-enyl(4-methylphenyl)sulfonamide 
(40.0 mg, 0.158 mmol, 1.0 equiv), PdCl2(PhCN)2 (63.6 mg, 0.166 mmol, 1.05 equiv), 4Å 












(44 µL, 0.79 mmol, 5.0 equiv) yielded the title compound as a white solid (32.4 mg, 63% 
yield) after flash chromatography on silica using a gradient of 5-20% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.73 (d, 2 H, J = 8.4, Ar-H), 7.27 (d, 2 H, J = 8.1, Ar-H), 
4.86-4.82 (m, 1 H, CH2CH(OR)2), 4.36-4.27 (m, 1 H, TsNCH-), 3.98-3.90 (m, 2 H, -
OCH2CH2O-), 3.88-3.78 (m, 3 H, -OCH2CH2O- and NTsCH2-), 3.03-2.93 (m, 1 H, 
TsNCH2-), 2.42 (s, 3 H, ArCH3), 2.02-1.94 (m, 1 H, CH2CH(OR)2), 1.81-1.74 (m, 1 H, 
CH2CH(OR)2), 1.72-1.48 (m, 5 H, CH2), 1.30-1.26 (m, 1 H, CH2).  
13C NMR (75 MHz, 
CDCl3) ! 142.9, 138.9, 129.7, 127.2, 102.7, 65.0, 64.9, 49.6, 40.9, 34.2, 28.3, 24.7, 21.6, 
18.6.  IR 2928, 2888, 1598, 1334, 1151, 1094, 922, 818 cm-1.  LRMS (APCI+) exact 
mass calculated for C16 H24NO4S
+ (MH+) requires m/z 326.1, measured 326.2. 
 
2-hydroxyethyl 2-(1-tosylpiperidin-2-yl)ethanoate (S8):  
This example suffers from a significant yield of acid chloride 
that was not able to be circumvented.  The acid chloride is isolated as the ester (shown 
above), a white solid (12.4 mg, 23% yield). 1H NMR (300 MHz, CDCl3) ! 7.72 (d, 2 H, J 
= 8.4, Ar-H), 7.29 (d, 2 H, J = 8.4, Ar-H), 4.66-4.60 (m, 1 H, TsNCH-), 4.33-4.14 (m, 2 
H, CO2CH2CH2), 3.88-3.72 (m, 3 H, -CH2OH and NTsCH2-), 3.12-3.03 (m, 1 H, 
TsNCH2-), 2.83-2.70 (m, 2 H, CH2CO2- and OH), 2.50 (dd, 1 H, J = 14.4, 6.3, CH2CO2-
), 2.42 (s, 3 H, ArCH3), 1.58-1.37 (m, 5 H, CH2), 1.14-1.08 (m, 1 H, CH2). 
 
(trans)-2-((1,3-dioxolan-2-yl)methyl)octahydro-2H-chromene 
(S9):  Following General Procedure A, (syn)-2-(but-3-














mmol, 1.05 equiv), 4Å molecular sieves (98 mg), Ph3SiH (152 mg, 0.585 mmol, 3.0 
equiv), and ethylene glycol (54 µL, 0.98 mmol, 5.0 equiv) yielded the title compound as 
a colorless liquid (31.0 mg, 70% yield) after flash chromatography on silica using a 
gradient of benzene to 2% EtOAc:Benzene. 
1H NMR (300 MHz, CDCl3) ! 5.04 (dd, 1 H, J = 3.6, 6.6, CH2CH(OR)2), 3.98-3.90 (m, 2 
H, -OCH2CH2O-), 3.86-3.82 (m, 2 H, -OCH2CH2O-), 3.58-3.49 (m, 1 H, OCH), 2.96-
2.89 (m, 1 H, OCH), 1.99-1.86 (m, 2 H, CH2CH(OR)2 and CH2), 1.76-1.57 (m, 6 H, 
CH2CH(OR)2 and CH2 and CH), 1.43-1.07 (m, 6 H, CH2), 1.00-0.88 (m, 1 H, CH2).  
13C 
NMR (75 MHz, CDCl3) ! 102.4, 82.0, 74.4, 64.9, 64.8, 41.8, 41.1, 32.8, 32.7, 31.9, 31.0, 
26.0, 25.2.  IR  2926, 2852, 1448, 1404, 1139, 1104, 1035, 943 cm-1. LRMS (APCI+) 
exact mass calculated for C13H23O3
+ (MH+) requires m/z 227.2, measured 227.1. 
 
2-((5,5-dibenzyltetrahydrofuran-2-yl)methyl)-1,3-dioxolane 
(S10): Following General Procedure A, 2-benzyl-1phenylhex-5-
en-2-ol (35.0 mg, 0.132 mmol, 1.0 equiv), PdCl2(PhCN)2 (53.2 mg, 0.139 mmol, 1.05 
equiv), 4Å molecular sieves (66 mg), Ph3SiH (103 mg, 0.396 mmol, 3.0 equiv), and 
ethylene glycol (37 µL, 0.66 mmol, 5.0 equiv) yielded the title compound as a colorless 
liquid (31.8 mg, 72% yield) after flash chromatography on silica using a gradient 1:1 
CH2Cl2:Hexanes to 2:1 CH2Cl2:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.31-7.23 (m, 10 H, Ar-H), 4.95 (dd, 1 H, J = 4.2, 6.3, 
CH2CH(OR)2), 3.99-3.95 (m, 2 H, -OCH2CH2O-), 3.92-3.83 (m, 3 H, -OCH2CH2O- and 
OCH), 2.95-2.71 (m, 4 H, PhCH2-), 1.92-1.79 (m, 3 H, CH2 and CH2), 1.63-1.54 (m, 2 H, 
CH2), 0.95-0.82 (m, 1 H, CH2). 








128.0, 127.8, 126.3, 102.9, 85.4, 75.7, 64.8, 46.8, 46.6, 40.0, 33.1, 32.4.  IR 3070, 3021, 
2914, 2870, 1495, 1450, 1085, 1032, 698 cm-1.  LRMS (APCI+) exact mass calculated 
for C22H27O3
+ (MH+) requires m/z 339.5 measured 339.1. 
 
Synthesis of Ketones 
 
General Procedure B (for Oxidative Ketonylation):  An oven-dried round bottom flask 
with a magnetic stir bar was charged with PdCl2(PhCN)2 (1.05 eq) and flamed-dried, 
ground 4Å molecular sieves (500 mg/mmol of substrate).  The flask was evacuated and 
backfilled with carbon monoxide via balloon three times and !,!,!-trifluorotoluene (8.5 
mL/mmol) was added.  The solution was cooled to -15 °C in a salt-ice bath and carbon 
monoxide was bubbled through the solution for 30 min.  A 0.24 M trifluorotoluene 
solution of substrate (filtered through silica gel before use) cooled to -15 °C was added.  
The reaction stirred until completion of reaction (10-60 min).  The required 
organometallic reagent at the indicated amount was then added at -15 °C and stirred at 
that temperature for 20 min.  The reaction mixture was filtered through a plug of celite 
and concentrated in vacuo.  The product was purified by flash chromatography on silica 
gel or alumina using indicated eluant. 
 
1-(-octahydro-2H-chromen-2-yl)propan-2-one (58): Following 
General Procedure A, (syn)-2-(but-3-enyl)cyclohexanol7 (30.0 mg, 
0.195 mmol, 1.0 equiv), PdCl2(PhCN)2 (78.5 mg, 0.205 mmol, 1.05 equiv), 4Å molecular 
sieves (98 mg), Ph3SiH (152 mg, 0.585 mmol, 3.0 equiv) were used, but instead of 









added at –15 °C.  The reaction mixture stirred for 20 min at –15 °C and was then 
quenched with 0.5 mL of saturated ammonium chloride solution.  The mixture was then 
filtered through a celite plug using ethyl acetate, dried over anhydrous sodium sulfate and 
was concentrated in vacuo.  This modified procedure yielded the title compound as a 
colorless liquid (27.3 mg, 67% yield) after flash chromatography on silica using a 
gradient of hexanes to 2% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 3.81-3.74 (m, 1 H, OCH), 2.92-2.89 (m, 1 H, OCH), 2.66 
(dd, 1 H, J = 15.6, 7.5, CH2C(O)CH2), 2.52-2.34 (m, 3 H, CH2C(O)CH2), 1.82-1.55 (m, 
6 H, CH and CH2), 1.35-1.08 (m, 6 H, CH and CH2), 1.01 (t, 3 H, J = 7.2, CH3), 1.04-
0.86 (m, 1 H, CH2).  
13C NMR (75 MHz, CDCl3) ! 210.3, 82.1, 74.3, 49.3, 41.7, 37.2, 
32.7, 32.4, 31.8, 30.8, 25.9, 25.2, 7.74.  IR 2932, 2856, 1708, 1446, 1357, 1103, 1072 cm-
1.  LRMS (APCI+) exact mass calculated for C13H23O2
+ (MH+) requires m/z 211.3, 
measured 211.0. 
Following General Procedure B, (syn)-2-(but-3-enyl)cyclohexanol7 (20.0 mg, 0.130 
mmol, 1.0 equiv), PdCl2(PhCN)2 (52.3 mg, 0.137 mmol, 1.05 equiv), 4Å molecular 
sieves (65 mg), and 1.0 M Et2Zn in hexanes (78 µL, 0.078 mmol, 0.6 equiv) yielded the 
title compound as a colorless oil (19.7 mg, 72% yield) after flash chromatography on 
silica using a gradient of 1-2% EtOAc:Hexanes.  Spectra same as described above. 
 
1-((syn)-5-isopropyl-1-tosylpyrrolidin-2-yl)butan-2-one (60): 
Following General Procedure B, N-tosyl-1-isopropyl-4-
pentenylamine2 (20.0 mg, 0.071 mmol, 1.0 equiv), PdCl2(PhCN)2 (28.6 mg, 0.075 mmol, 








mmol, 0.6 equiv) yielded the title compound as a colorless oil (21.7 mg, 90% yield) after 
flash chromatography on silica using a gradient of 7-10% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.71 (d, 2 H, J = 8.1, Ar-H), 7.31 (d, 2 H, J = 8.1, Ar-H), 
3.99-3.89 (m, 1 H, TsNCH-), 3.40-3.34 (m, 1 H, TsNCH-), 3.22 (dd, 1 H, J = 17.4, 3.3, 
CH2C(O)), 2.62-2.36 (m, 3 H, CH2C(O) and CH2C(O)), 2.44 (s, 3 H, ArCH3), 2.07-1.95 
(m, 1 H, (CH3)2CH), 1.81-1.70 (m, 1 H, CH2), 1.64-1.54 (m, 1 H, CH2), 1.47-1.36 (m, 1 
H, CH2), 1.27-1.18 (m, 1 H, CH2), 1.06 (t, 3 H, J = 7.5, CH2CH3), 0.99 (d, 3 H, J = 6.9, 
CH3), 0.91 (d, 3 H, J = 6.9, CH3).  
13C NMR (75 MHz, CDCl3) ! 209.9, 143.6, 134.6, 
129.9, 127.9, 67.5, 57.6, 50.2, 36.7, 31.8, 30.9, 25.5, 21.7, 20.3, 17.8.  IR 2958, 2875, 
1707, 1602, 1470, 1330, 1162, 1092, 994, 819, 666 cm-1.  LRMS (APCI+) exact mass 
calculated for C18H28NO3S
+ (M+) requires m/z 338.5, measured 337.9. 
 
2-((syn)-5-isopropyl-1-tosylpyrrolidin-2-yl)-1-phenylethanone 
(64): Following General Procedure B, N-tosyl-1-isopropyl-4-
pentenylamine2 (20.0 mg, 0.071 mmol, 1.0 equiv), PdCl2(PhCN)2 (28.6 mg, 0.075 mmol, 
1.05 equiv), 4Å molecular sieves (36 mg), and 0.5 M PhZnCl in tetrahydrofuran (160 µL, 
0.078 mmol, 1.1 equiv) yielded the title compound as a white solid (23.3 mg, 85% yield) 
after flash chromatography on silica using benzene. 
1H NMR (300 MHz, CDCl3) ! 8.00 (d, 2 H, J = 7.5, Ar-H), 7.72 (d, 2 H, J = 8.1, Ar-H), 
7.62-7.47 (m, 3 H, Ar-H), 7.36-7.30 (m, 2 H, Ar-H), 4.17-4.13 (m, 1 H, TsNCH-), 3.88 
(dd, 1 H,  J = 17.1, 3.0,  TsNCH-), 3.42 (q, 1 H, J = 7.2, CH2C(O)),  3.07 (dd, 1 H, J = 
17.1, 10.5, CH2C(O)), 2.43 (s, 3 H, ArCH3), 2.14-2.02 (m, 1 H, (CH3)2CH), 1.85-1.70 








CH3), 0.96 (d, 3 H, J = 6.6, CH3).  
13C NMR (75 MHz, CDCl3) ! 198.6, 143.6, 136.7, 
134.6, 133.5, 129.9, 128.8, 128.3, 127.8, 67.5, 58.3, 46.9, 31.7, 30.6, 25.5, 21.7, 20.3, 
17.6.  IR 2951, 2975, 1686, 1588, 1449, 1344, 1211, 1162, 1092, 1001, 666 cm -1.  
LRMS (APCI+) exact mass calculated for C22H28NO3S




Following General Procedure B, N-tosyl-1-isopropyl-4-
pentenylamine2 (20.0 mg, 0.071 mmol, 1.0 equiv), PdCl2(PhCN)2 (28.6 mg, 0.075 mmol, 
1.05 equiv), 4Å molecular sieves (36 mg), and and 1.0 M Me2Zn in heptane (43 µL, 
0.043 mmol, 0.6 equiv) yielded the title compound as a colorless oil (18.8 mg, 82% yield) 
after flash chromatography on silica using a gradient of 7-10% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.70 (d, 2 H, J = 8.4, Ar-H), 7.31 (d, 2 H, J = 8.1, Ar-H), 
3.97-3.88 (m, 1 H, TsNCH-), 3.40-3.34 (m, 1 H, TsNCH-), 3.26 (dd, 1 H, J = 17.7, 3.3, 
CH2C(O)), 2.60 (dd, 1 H, J = 17.7, 9.9, CH2C(O)), 2.42 (s, 3 H, ArCH3), 2.16 (s, 3 H, 
CH3), 2.07-1.95 (m, 1 H, (CH3)2CH), 1.81-1.70 (m, 1 H, CH2), 1.63-1.54 (m, 1 H, CH2), 
1.46-1.35 (m, 1 H, CH2), 1.28-1.16 (m, 1 H, CH2), 0.98 (d, 3 H, J = 6.9, CH3), 0.91 (d, 3 
H, J = 6.9, CH3).  
13C NMR (75 MHz, CDCl3) ! 207.1, 143.6, 134.5, 129.8, 127.8, 67.4, 
57.4, 51.4, 31.7, 30.8, 30.6, 25.5, 21.6, 20.2, 17.7.  IR 2965, 2868, 1714, 1337, 1155, 
1085, 1008, 812, 680 cm-1.  LRMS (APCI+) exact mass calculated for C17H26NO3S
+ (M+) 










Following General Procedure B, N-(1-methylpent-4-en-1-yl)(4-
methylphenyl)sulfonamide3 (25.0 mg, 0.158 mmol, 1.0 equiv), PdCl2(PhCN)2 (39.7 mg, 
0.166 mmol, 1.05 equiv), 4Å molecular sieves (50 mg), and 1.0 M Me2Zn in heptane (60 
µL, 0.059 mmol, 0.6 equiv)  yielded the title compound as a white solid (22.1 mg, 76% 
yield) after flash chromatography on silica using a gradient of 7-10% EtOAc:Hexanes. 
1H NMR (400 MHz, CDCl3) ! 7.71 (d, 2 H, J = 8.4, Ar-H), 7.31 (d, 2 H, J = 8.0, Ar-H), 
3.94-3.87 (m, 1 H, TsNCH-), 3.68-3.61 (m, 1 H, TsNCH-), 3.29 (dd, 1 H, J = 17.6, 3.6, 
CH2C(O)), 2.66 (dd, 1 H, J = 17.6, 9.6, CH2C(O)), 2.42 (s, 3 H, ArCH3), 2.17 (s, 3 H, 
CH3), 1.82-1.73 (m, 1 H, CH2), 1.56-1.38 (m, 3 H, CH2CH2), 1.32 (d, 3 H, J = 6.4, CH3).  
13C NMR (75 MHz, CDCl3) ! 207.2, 143.6, 134.4, 129.8, 127.7, 57.6, 57.5, 51.7, 31.8, 
30.7, 30.6, 23.5, 21.6.  IR 2979, 2917, 2889, 1707, 1344, 1148, 1092, 987, 826, 666 cm-1.  
LRMS (APCI+) exact mass calculated for C15H22NO3S




(67): Following General Procedure B, 4-methyl-N-(1-phenylpent-
4-enyl)benzenesulfonamide (20.0 mg, 0.063 mmol, 1.0 equiv), PdCl2(PhCN)2 (25.5 mg, 
0.067 mmol, 1.05 equiv), 4Å molecular sieves (32 mg), and 0.5 M PhZnCl in 
tetrahydrofuran (140 µL, 0.069 mmol, 1.1 equiv) yielded the title compound as a white 
solid (20.9 mg, 79% yield) after flash chromatography on silica using benzene. 
1H NMR (300 MHz, CDCl3) ! 8.03 (dd, 2 H, J = 8.1, 1.2, Ar-H), 7.76 (d, 2 H, J = 8.1, 













TsNCH-), 4.10 (dd, 1 H, J = 16.8, 3.0, CH2C(O)),  3.24 (dd, 1 H, J = 17.1, 10.5, 
CH2C(O)), 2.45 (s, 3 H, ArCH3), 2.05-1.75 (m, 3 H, CH2CH2), 1.61-1.50 (m, 1 H, CH2).  
13C NMR (75 MHz, CDCl3) ! 198.5, 143.9, 142.5, 136.7, 134.4, 133.6, 130.0, 128.9, 
128.6, 128.3, 127.9, 127.3, 126.3, 64.7, 58.7, 46.6, 34.0, 30.8, 21.7.  IR 3070, 2937, 2868, 
1679, 1595, 1351, 1169, 1085, 666 cm-1.  LRMS (APCI+) exact mass calculated for 
C25H26NO3S
+ (M+) requires m/z 420.5, measured 419.8. 
 
1-(1-tosylpiperidin-2-yl)butan-2-one (68):  Following General 
Procedure B, N-hex-5-enyl(4-methylphenyl)sulfonamide3 (20.0 mg, 
0.079 mmol, 1.0 equiv), PdCl2(PhCN)2 (31.8 mg, 0.083 mmol, 1.05 equiv), 4Å molecular 
sieves (40 mg), and 1.0 M Et2Zn in hexanes (47 µL, 0.047 mmol, 0.6 equiv) yielded the 
title compound as a colorless oil (15.3 mg, 63% yield) after flash chromatography on 
silica using a gradient of 10-15% EtOAc:Hexanes.  Starting material (4.9 mg, 0.019 
mmol) recovered giving an 82% yield of product based on recovered starting material. 
1H NMR (300 MHz, CDCl3) ! 7.69 (d, 2 H, J = 8.4, Ar-H), 7.27 (d, 2 H, J = 9.0, Ar-H), 
4.52-4.49 (m, 1 H, TsNCH-), 3.80-3.75 (m, 1 H, NTsCH2-), 2.98-2.89 (m, 1 H, TsNCH2-
), 2.76 (dd, 1 H, J = 16.2, 9.3, CH2C(O)), 2.56 (dd, 1 H, J = 16.2, 4.8, CH2C(O)), 2.41 (s, 
3 H, ArCH3), 2.41-2.35 (m, 2 H, CH2C(O)), 1.62-1.25 (m, 6 H, CH2), 1.01 (t, 3 H, 7.2,  
CH3).  
13C NMR (75 MHz, CDCl3) ! 208.9, 143.3, 138.2, 129.8, 127.2, 49.0, 42.7, 41.4, 
36.5, 27.9, 24.8, 21.7, 18.5, 7.77.  IR 2930, 2868, 1707, 1330, 1155, 1099, 917, 826, 666 
cm-1.  LRMS (APCI+) exact mass calculated for C16 H24NO3S










(69):  Following General                                Procedure B, N-
tosyl-1-isopropyl-4-pentenylamine2 (20.0 mg, 0.071 mmol, 1.0 equiv), PdCl2(PhCN)2 
(28.6 mg, 0.075 mmol, 1.05 equiv), 4Å molecular sieves (36 mg), and allyltributyltin (33 
µL, 0.107 mmol, 1.5 equiv) yielded the title compound as a colorless oil (14.3 mg, 58% 
yield) after flash chromatography on silica using a gradient of 2-7% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.70 (d, 2 H, J = 8.4, Ar-H), 7.31 (d, 2 H, J = 8.1, Ar-H), 
5.98-5.84 (m, 1 H, CH=CH2), 5.22-5.13 (m, 2 H, CH=CH2), 3.97-3.88 (m, 1 H, TsNCH-
), 3.40-3.34 (m, 1 H, TsNCH-), 3.26 (dd, 1 H, J = 17.7, 3.6, CH2C(O)), 3.22-3.18 (m, 2 
H, CH2CH=CH2), 2.62 (dd, 1 H, J = 17.7, 9.9, CH2C(O)), 2.43 (s, 3 H, ArCH3), 2.06-
1.95 (m, 1 H, (CH3)2CH), 1.81-1.70 (m, 1 H, CH2), 1.63-1.54 (m, 1 H, CH2), 1.46-1.35 
(m, 1 H, CH2), 1.27-1.15 (m, 1 H, CH2), 0.99 (d, 3 H, J = 6.9, CH3), 0.91 (d, 3 H, J = 6.6, 
CH3).  
13C NMR (75 MHz, CDCl3) ! 207.1, 143.6, 134.5, 130.3, 129.8, 127.9, 127.8, 
119.3, 67.4, 57.4, 50.1, 48.3, 31.8, 30.9, 25.5, 21.7, 20.2, 17.8.  IR 2958, 2868, 1721, 
1344, 1162, 1085, 994, 819, 659 cm-1.  LRMS (APCI+) exact mass calculated for 
C19H28NO3S
+ (M+) requires m/z 350.5, measured 349.9. 
 
1-((syn)-5-isopropyl-1-tosylpyrrolidin-2-yl)but-3-en-2-one 
(70): Following General Procedure B, N-tosyl-1-isopropyl-4-
pentenylamine2 (20.0 mg, 0.071 mmol, 1.0 equiv), PdCl2(PhCN)2 (28.6 mg, 0.075 mmol, 
1.05 equiv), 4Å molecular sieves (36 mg), and vinyltributyltin (27 µL, 0.092 mmol, 1.3 
equiv) yielded the title compound as a colorless oil (22.4 mg, 94% yield) after flash 











1H NMR (300 MHz, CDCl3) ! 7.71 (d, 2 H, J = 8.4, Ar-H), 7.31 (d, 2 H, J = 8.1, Ar-H), 
6.33-6.30 (m, 2 H, CH=CH2), 5.91 (dd, 1 H, J = 7.5, 3.9, CH=CH2), 4.02-3.93 (m, 1 H, 
TsNCH-), 3.46 (dd, 1 H, J = 17.1, 3.3, CH2C(O)),  3.41-3.35 (m, 1 H, TsNCH-), 2.74 
(dd, 1 H, J = 17.1, 10.5, CH2C(O)), 2.43 (s, 3 H, ArCH3), 2.09-1.98 (m, 1 H, (CH3)2CH), 
1.80-1.69 (m, 1 H, CH2), 1.66-1.50 (m, 1 H, CH2), 1.49-1.17 (m, 2 H, CH2), 0.99 (d, 3 H, 
J = 6.9, CH3), 0.92 (d, 3 H, J = 6.6, CH3).  
13C NMR (75 MHz, CDCl3) ! 199.1, 143.6, 
136.7, 134.4, 129.8, 129.1, 127.8, 67.4, 57.9, 47.4, 31.7, 30.6, 28.0, 27.0, 25.4, 21.6, 20.2, 
17.7, 13.7.   IR 2972, 2930, 2868, 1672, 1602, 1337, 1155, 1092, 994, 812, 666 cm-1.  
LRMS (APCI+) exact mass calculated for C18H26NO3S




ethanone (71): Following General Procedure B, N-tosyl-1-
isopropyl-4-pentenylamine2 (20.0 mg, 0.071 mmol, 1.0 equiv), PdCl2(PhCN)2 (28.6 mg, 
0.075 mmol, 1.05 equiv), 4Å molecular sieves (36 mg), and 2-(tributylstannyl)furan (29 
µL, 0.092 mmol, 1.3 equiv) yielded the title compound as a white solid (22.5 mg, 84% 
yield) after flash chromatography on silica using 7-10% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.72 (d, 2 H, J = 8.4, Ar-H), 7.61 (d, 1 H,  J = 1.2, Ar-H),  
7.33-7.30 (m, 3 H, Ar-H), 6.57-6.55 (m, 1 H, Ar-H), 4.11-4.02 (m, 1 H, TsNCH-), 3.64 
(dd, 1 H, J = 16.2, 3.3, CH2C(O)), 3.44-3.37 (m, 1 H,  TsNCH-),  3.07 (dd, 1 H, J = 16.2, 
10.5, CH2C(O)), 2.43 (s, 3 H, ArCH3), 2.12-2.00 (m, 1 H, (CH3)2CH), 1.77-1.54 (m, 3 H, 
CH2CH2), 1.32-1.19 (m, 1 H, CH2), 1.00 (d, 3 H, J = 6.9, CH3), 0.94 (d, 3 H, J = 6.6, 
CH3).  








118.0, 112.5, 67.5, 58.1, 46.4, 31.7, 30.4, 25.4, 21.7, 20.2, 17.7.  IR 2958, 2868, 1686, 
1470, 1351, 1155, 1092, 673 cm-1.  LRMS (APCI+) exact mass calculated for 
C20H26NO4S
+ (M+) requires m/z 376.5, measured 375.9. 
 
2-(5,5-dibenzyltetrahydrofuran-2-yl)-1-(furan-2-yl)ethanone 
(72): Following General Procedure B, 2-benzyl-1phenylhex-5-
en-2-ol (20.0 mg, 0.075 mmol, 1.0 equiv), PdCl2(PhCN)2 (30.2 mg, 0.079 mmol, 1.05 
equiv), 4Å molecular sieves (38 mg), and 2-(tributylstannyl)furan (31 µL, 0.098 mmol, 
1.3 equiv) yielded the title compound as a white solid (25.2 mg, 93% yield) after flash 
chromatography on silica using a gradient of 5-7% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.71 (s, 1 H, Ar-H), 7.31-7.22 (m, 10 H, Ar-H), 7.14 (d, 1 
H, J = 3.3, Ar-H), 6.56-6.55 (m, 1 H, Ar-H), 4.21-4.12 (m, 1 H, OCH), 3.05-2.70 (m, 5 
H, PhCH2- and CH2C(O)), 2.56 (dd, 1 H, J = 15.3, 6.6, CH2C(O)), 1.86-1.82 (m, 2 H, 
CH2 ), 1.68-1.58 (m, 1 H, CH2), 0.93-0.80 (m, 1 H, CH2). 
13C NMR (75 MHz, CDCl3) ! 
187.4, 153.0, 146.5, 138.2, 131.2, 131.0, 128.1, 127.8, 126.3, 117.5, 112.3, 85.8, 75.5, 
46.9, 46.6, 44.7, 32.8, 32.1.  IR 3028, 2924, 1665, 1567, 1470, 1078, 1015, 757, 701 cm-
1.  LRMS (APCI+) exact mass calculated for C24H25O3

















isopropyl-4-pentenylamine2 (40.0 mg, 0.142 mmol, 1 equiv), PdCl2(PhCN)2 (56.4 mg, 
0.147 mmol, 1.05 equiv), 4Å molecular sieves (70 mg), and Ph3SiH (111 mg, 0.426 
mmol, 3.0 equiv) were used, but instead of ethylene glycol, 
(carboethoxymethylene)triphenylphosphorane (148 mg, 0.426 mmol, 3.0 equiv) was 
added and stirred at room temperature for 12 hr.  This modified procedure yielded the 
title compound as the major product as a white solid (39.0 mg, 72% yield, 3:1 E:Z) after 
flash chromatography on silica using a gradient of 1-5% EtOAc:Hexanes. 
1H NMR (300 MHz, CDCl3) ! 7.71 (d, 2 H, J = 8.4, Ar-H), 7.31 (d, 2 H, J = 8.1, Ar-H), 
6.94-6.84 (m, 1 H, CH=CHCO2Et), 5.90-5.86 (m, 1 H, CH=CHCO2Et), 4.16 (q, 2 H, J = 
7.2, -CO2CH2CH3), 3.71-3.62 (m, 1 H, NTsCH-), 3.41 (q, 1 H, J = 5.1, NTsCH-), 2.83-
2.75 (m, 1 H, CH2CH=CH), 2.43 (s, 3 H, ArCH3), 2.48-2.35 (m, 1 H, CH2CH=CH), 
2.06-1.95 (m, 1 H, (CH3)2CH), 1.66-1.58 (m, 1 H, CH2), 1.51 (q, 2 H, J = 7.2, CH2), 1.29 
(t, 3 H, J = 7.2, -CO2CH2CH3), 0.99 (d, 3 H, J = 6.9, CH3), 0.91 (d, 3 H, J = 6.6, CH3). 
13C NMR (75 MHz, CDCl3) ! 166.4, 144.8, 143.6, 134.8, 129.8, 127.8, 124.0, 67.7, 60.5, 
39.7, 31.5, 29.3, 25.5, 21.7, 20.2, 17.8, 14.4.  IR 2951, 2868, 1714, 1665, 1477, 1344, 
1253, 1162, 1085, 1029, 994, 812, 666 cm-1.  LRMS (APCI+) exact mass calculated for 
C20H30NO4S
+ (MH+) requires m/z 380.5, measured 381.1. 
(Z)-ethyl 4-((syn)-5-isopropyl-1-tosylpyrrolidin-2-yl)but-2-
enoate (S11): 
1H NMR (300 MHz, CDCl3) ! 7.73 (d, 2 H, J = 
8.1, Ar-H), 7.31 (d, 2 H, J = 8.1, Ar-H), 6.46-6.37 (m, 1 H, CH=CHCO2Et), 5.90-5.86 
(m, 1 H, CH=CHCO2Et), 4.17 (q, 2 H, J = 6.9, -CO2CH2CH3), 3.83-3.72 (m, 1 H, 
NTsCH-), 3.42 (q, 1 H, J = 6.6, NTsCH-), 3.14-3.03 (m, 1 H, CH2CH=CH), 2.94-2.83 







(m, 1 H, CH2), 1.57-1.46 (m, 1 H, CH2), 1.43-1.31 (m, 2 H, CH2), 1.29 (t, 3 H, J = 7.2, -
CO2CH2CH3), 1.31-1.18 (m, 2 H, CH2), 0.97 (d, 3 H, J = 6.9, CH3), 0.91 (d, 3 H, J = 6.6, 
CH3).  
13C NMR (75 MHz, CDCl3) ! 166.5, 146.1, 143.5, 135.1, 129.8, 127.9, 121.5, 
67.7, 61.0, 60.1, 35.5, 31.7, 29.5, 25.5, 21.7, 20.3, 17.4, 14.4.  IR 2959, 2919, 2870, 1717, 
1334, 1156, 1090, 1032, 743, 663 cm-1.  LRMS (APCI+) exact mass calculated for 
C20H30NO4S
+ (MH+) requires m/z 380.5, measured 380.1. 
 
3-(5,5-dibenzyltetrahydrofuran-2-yl)-1-(pyrrolidin-1-
yl)propane-1,2-dione (56): Following General Procedure A, 
2-benzyl-1phenylhex-5-en-2-ol (30.0 mg, 0.113 mmol, 1.0 equiv), PdCl2(PhCN)2 (45.5 
mg, 0.119 mmol, 1.05 equiv), 4Å molecular sieves (57 mg), and Ph3SiH (88.3 mg, 0.339 
mmol, 3.0 equiv) were reacted as usual.  After addition of silane, pyrrolidine (27.8 µL, 
0.339 mmol, 3.0 equiv) was added and allowed to stir at room temperature for 2.5 hrs.  
Then, NaBH3CN (10.7 mg, 0.170 mmol, 1.5 equiv) was added and allowed to stir at 
room temperature for 12 hrs.  The reaction mixture was filtered through celite using ethyl 
acetate (2 mL) and washed with water (1 mL) and brine (1 mL). This modified procedure 
yielded the title compound as the major product as a colorless liquid after flash 
chromatography on silica using a 10% EtOAc:Hexanes.  
1H NMR (300 MHz, CDCl3) ! 7.30-7.21 (m, 10 H, Ar-H), 4.20-4.16 (m, 1 H, OCHCH2), 
3.68-3.64 (m, 2 H, NCH2), 3.58-3.56 (m, 2 H, NCH2), 2.90-2.72 (m, 6 H, CH2C(O) and 
PhCH2), 1.93-1.92 (m, 4 H, NCH2CH2), 1.84-1.81 (m, 2 H, OCCH2), 1.71-1.66 (m, 1 H, 
OCHCH2), 0.95-0.88 (m, 1 H, OCHCH2).   
13C NMR (75 MHz, CDCl3) ! 199.3, 163.4, 









33.1, 32.3, 26.4, 23.9.  LRMS (APCI+) exact mass calculated for C25H30NO3
+ (MH+) 
requires m/z 392.2, measured 392.2. 
 
1-(bicyclo[2.2.1]hept-5-en-2-yl)-2-((syn)-5-isopropyl-1-
tosylpyrrolidin-2-yl)ethanone (73): Following General 
Procedure B, N-tosyl-1-isopropyl-4-pentenylamine2 (20.0 mg, 0.071 mmol, 1.0 equiv), 
PdCl2(PhCN)2 (28.6 mg, 0.075 mmol, 1.05 equiv), 4Å molecular sieves (36 mg), and 
vinyltributyltin (27 µL, 0.092 mmol, 1.3 equiv) were used.  Cyclopentadiene (17 µL, 
0.213 mmol, 3.0 equiv) was added and the reaction mixture stirred at -15 °C for 3 hours.  
The reaction mixture was then filtered through celite and purified by chromatography on 
silica using 5% EtOAc:Hexanes to yield the title compound as a colorless oil (25.5 mg, 
89% yield, 55:45 mixture of endo:exo). 
1H NMR (300 MHz, CDCl3) ! 7.70 (d, 2 H, J = 8.4, Ar-H), 7.30 (d, 2 H, J = 8.1, Ar-H), 
6.17-6.14 (m, 1 H, CH=CH), 5.94-5.91 (m, 1 H, CH=CH; one diastereomer), 5.78-5.75 
(m, 1 H, CH=CH; one diastereomer), 3.97-3.84 (m, 1 H, TsNCH-), 3.41-3.33 (m, 1 H, 
TsNCH-), 3.29 (brs, 1 H, CHCH-CH), 3.23 (brs, 1 H, CHCH-CH), 3.08-2.96 (m, 1 H, 
CH2C(O)), 2.90 (brs, 1 H, CHC(O)), 2.66-2.55 (m, 1 H,  CH2C(O)), 2.42 (s, 3 H, 
ArCH3), 2.06-1.95 (m, 1 H, (CH3)2CH), 1.79-1.53 (m, 3 H, CH2), 1.52-1.16 (m, 5 H, 
CH2), 1.01-0.89 (m, 7 H, CH2 and CH3). 
13C NMR (75 MHz, CDCl3) ! 209.6, 209.3, 
143.5, 138.3, 137.8, 134.6, 131.8, 131.0, 129.8, 127.9, 67.4, 57.8, 57.6, 52.4, 51.9, 50.2, 
50.1, 49.9, 49.8, 46.2, 42.9, 42.8, 31.8, 31.7, 31.0, 30.9, 28.0, 27.6, 27.5, 27.0, 25.5, 21.7, 







LRMS (APCI+) exact mass calculated for C23H32NO3S
+ (M+) requires m/z 402.6, 
measured 401.6. 
 
(R)-1-((S)-tert-butylsulfinyl)-2-methylpyrrolidine (75): Following 
General Procedure A, (S)-2-methyl-N-(pent-4-enyl)propane-2-
sulfinamide (10.0 mg, 0.053 mmol, 1.0 equiv), PdCl2(PhCN)2 (21.3 
mg, 0.055 mmol, 1.05 equiv), 4Å molecular sieves (27 mg), and Ph3SiH (41.4 mg, 0.159 
mmol, 3.0 equiv) yielded the title compound as a colorless liquid after standard aqueous 
workup, which matches reported spectral data.8 
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Total Synthesis of Tylophora Alkaloids Rusplinone, 
 13a!-Secoantofine, and Antofine via  


















I.1: Oxidative Aminochlorocarbonylation / Friedel-Crafts 
 As part of the Lambert group program focusing on the development of new 
chemical technologies for multicatalytic synthesis of complex heterocyclic motifs, Dr. 
Tim Cernak has contributed an approach involving an oxidative carbonylation.  Inspired 




 (see Chapter 2, I.1), Dr. 
Cernak reported a tandem palladium(II) catalyzed aminochlorocarbonylation / 
indium(III) catalyzed Friedel-Crafts acylation reaction (Fig. 1).
3
  In this method, the 
aminochlorocarbonylation produces an intermediate acid chloride, which subsequently 
undergoes a catalytic Friedel-Crafts acylation with an electron-rich arene to generate a 
complex ketone.  This transformation offers a large increase of complexity through the 
construction of three new bonds in good to excellent yields and with high 
diastereoselectivity.  Given the high efficiency of this multicatalytic reaction, we became 
interested in applying this method to the synthesis of biologically active natural products.  




I.2:  Tylophora Alkaloids 
 Upon exploring potential natural product targets for the application of our 
multicatalytic method, we were drawn to the Tylophora family of alkaloids (Fig. 2).  
These natural products are a group of approximately 60 alkaloids isolated from plants of 
the Asclepiadaceae and Morceae family native to India and southeastern Asia.
4






















tylophora alkaloids have long been of synthetic and medicinal interest due to the large 
number of biological activities they possess, which include antibacterial, anticancer, 
antifungal, antiviral, and anti-inflammatory properties.
5,6
  Specifically, we surmised that 
our multicatalytic technology would be particularly effective in the total synthesis of the 
tylophora alkaloid, antofine.  This molecule is of particular interest because it has been 
shown to be very effective against multidrug-resistant cancer cell lines with IC50 values 
in the low nanomolar range.
7 
Figure 2. Structures of some Tylophora Alkaloids 
 
I.3:  Synthetic Strategies 
The tylophorine scaffold was first synthesized in 1958.
8
  Since then, their wide 
range of biological activity has inspired numerous total syntheses of the tylophora 
alkaloids.
9
  Recent approaches to the syntheses of these molecules have included such 









 cycloadditions (Fig. 3).  Other syntheses have included a Pt(II)-catalyzed 
cycloisomerization
9a
 and  intramolecular alkene carboamination
9c
 as key steps,
 
among 
others.  Despite achievements made towards this class of molecules, it can be said that 























steps, overall yield, or potential for diverse analogue preparation.  We recognized that our 
aminochlorocarbonylation / Friedel-Crafts reaction might allow for the rapid and easily 
diversifiable construction of a substantial portion of the phenanthroindolizidine skeleton 
common to the tylophora alkaloids.  We thus set as our goal the realization of a total 
synthetic strategy toward this intriguing class of molecules. 
Figure 3.  Selected Key Steps in Syntheses of Tylophora Alkaloids 
 
a)  1,3-Dipolar Cycloaddition of Cyclic Nitrone




















































d) [5+5] Cycloaddition with Unsaturated Carbene Complex




























 Joining Dr. Cernak on this project, we focused our approach to the synthesis of 
antofine on contructing a large portion of molecular architecture through our key 
multicatalytic reaction (Fig. 4).  We reasoned that an intramolecular aldol condensation 
and oxidative coupling sequence starting from intermediate !-keto amide 20 could be 
Figure 4.  Synthetic Strategy 
 
e) 1,3-Dipolar Cycloadditon of Azide


















f) Intramolecular Alkene Carboamination























































utilized to build the B and D rings.   Disconnection of 20 results in !-pyrrolidinyl ketone 
intermediate 21 that could be generated in our key multicatalytic step.  Simple pentenyl 
amine 22 and veratrole could undergo a tandem aminochlorocarbonylation / Friedel-
Crafts acylation in the start of the synthesis.  This synthetic plan could easily be modified 
to include different alkenylamines or arenes to generate a library of tylophorine alkaloids. 
 
II. Results and Discussion 
 
II.1 Synthesis of Rusplinone, 13a"-Secoantofine, and Antofine
10
 
 We began our efforts by first investigating our key aminochlorocarbonylation / 
Friedel-Crafts acylation step.  To begin, we discovered that the tosyl protecting group on 
the amine substrate, which was originally reported, could successfully be replaced with 
an easily removable nosyl (Ns) protecting group without any loss of efficiency.  With that 
information, readily available nosyl protected 4-pentenylamine and veratrole were 
subjected to standard aminochlorocarbonylation conditions providing !-pyrrolidinyl 
ketone 24 in 88% yield (Fig. 5).  Importantly, this reaction could be scaled to produce 1.6 
g of this key intermediate. 





















Removal of the nosyl protecting group from 24 proved to be straightforward by 
treatment with thiophenol under basic conditions (Fig. 6).  This deprotection furnished 
the small alkaloid natural product rusplinone in 75% yield.  After acylation with p-
methoxyphenylacetyl chloride, amide 20 was warmed in basic ethanol leading to an 
intramolecular aldol condensation to yield the cyclic !,"-unsaturated amide 26.  Finally, 
reduction with sodium bis(2-methoxyethoxy)aluminum hydride (Red-Al) furnished 
13a!-secoantofine in 60% yield.  Thus, the total synthesis of 13a!-secoantofine was 
achieved in a five-flask process with a 19% overall yield. 
Figure 6.  Synthesis of Rusplinone and 13a!-Secoantofine 
 
 
Although the efficiency of this synthesis was acceptable, our interest in multi-
transformation, one-pot chemistry led us to wonder if the conversion of adduct 24 into 
indolizidine 26 could be executed as a single telescopic reaction, given that each 








































realized by the sequential addition of thiophenol, p-methoxyphenylacetyl chloride, and 
ethanolic potassium hydroxide to a solution of 24 and excess cesium carbonate in 
acetonitrile (Fig. 7).  In addition to doubling the yield (72% versus 36% for the stepwise 
procedure), the telescopic procedure proved to be simpler and faster to execute, requiring 
just five hours of total reaction time with only one required chromatographic purification.  
The combination of our multicatalytic synthesis of ketone 24 and the telescopic 
conversion of 24 to 26 led to the realization of a three-pot synthesis of 13a!-secoantofine 
in 38% overall yield.   
Figure 7.  Improved Synthesis of 13a!-Secoantofine 
 
It should be noted that during the one-pot conversion of 24 to 26 (Fig. 7), an 
additional 8% yield of a pyridone product resulting from oxidation of the 8-8a bond was 
also isolated.  When the final step of the multi-transformation process was carried out for 
extended periods or at temperatures above 60 °C, a significant amount of the desired 







































reaction did not fully attenuate the formation of this product.  Nevertheless, the greater 
efficiency of the telescopic process versus the iterative one led us to consider this minor 
side product an acceptable loss of material. 
Given the efficiency with which 13a!-secoantofine had been accessed, we 
decided to utilize our strategy to synthesize the related and biologically more interesting 
antofine, in which the two aryl substituents are joined to form a phenanthryl ring system.  
To accomplish this goal, we required a method to oxidatively couple the aryl groups of 
13a!-secoantofine or its precursor.  Fortunately, oxidative aryl coupling of diaryl 









  Screening a variety of 
promoters for this reaction, we found the VOCl3 oxidation of 26 to be most effective, 
under rigorous exclusion of oxygen.  The crude reaction mixture produced by this 
coupling was subjected to deoxygenative reduction conditions using LiAlH4 to furnish 
antofine in 75% yield over two steps (Fig. 8). Overall, the synthesis of antofine was 
achieved in four reaction pots in 48% yield. 














2.  LiAlH4, THF








In summary, we have applied a tandem aminochlorocarbonylation / Friedel-Crafts 
acylation reaction to facilitate the rapid and efficient synthesis of several tylophora 
alkaloids, including 13a!-secoantofine and antofine, which were prepared in three and 
four pot sequences respectively.  The efficiency, convergency, and potential for structural 
variation that our approach offers compares quite favorably with other reported syntheses 
of these molecules. Modification of the alkenyl amine, electron-rich aryl, and !-
arylacetyl chloride components should provide ready access to a diverse library of novel 
tylophora analogues.  Synthesis of such libraries could allow for interesting structure-
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V.  Experimental Section 
 
General Information:  All reactions were performed in base-washed, oven-dried 
glassware under an atmosphere of argon or carbon monoxide unless otherwise noted.  
Indium(III) triflate, bis-benzonitriledichloropalladium and copper(II) chloride (99.999%) 
were purchased from Aldrich then opened and stored in an inert atmosphere glovebox.  
4Å molecular sieves were finely ground then activated (300 °C, 10 mmHg) for several 
hours. 1,2-dichloroethane was freshly distilled from calcium hydride just prior to use.  All 
other reagents were used as received from commercial vendors. 
   1H and 13C NMR were recorded in CDCl3 on Brucker DRX-300 and DRX-400 as 
noted, and are internally referenced to the residual solvent peak.  Data from 1H NMR are 
reported as follows:  chemical shift (! ppm), multiplicity (s = singlet, brs = broad singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet), integration, coupling constant (Hz) 
and assignment.  Data for 13C NMR are reported in terms of chemical shift.   IR spectra 
were recorded on a Nicolet Avatar 370 DTGS (Thermo) using NaCl salt plates and 
reported in terms of frequency of absorption (cm-1). High-resolution mass spectra were 
obtained from the Columbia University Mass Spectroscopy Facility on JOEL JMS-







Synthesis and Characterization 
 
2-nitro-N-(pent-4-enyl)aniline (23): 2-Nitrobenzenesulfonamide (746 mg, 
3.69 mmol, 1.1 equiv) and potassium carbonate (926 mg, 6.70 mmol, 2.0 
equiv) were taken up in DMF (8.5 mL) under argon.  5-Bromopentene (500 mg, 3.35 
mmol, 1 equiv) was added dropwise and the mixture stirred at 40 °C for 15 hours.  The 
reaction mixture was cooled to room temperature, quenched by addition of water (25 
mL), poured into ether (25 mL) and hexanes (25 mL), and separated.  The organic layer 
was washed further with water (2 ! 20 mL), then brine (20 mL), then dried over 
anhydrous sodium sulfate, filtered and concentrated.  The residue was purified by flash 
column chromatography on silica gel (20% " 30% ethyl acetate : hexanes) to give the 
title compound 12 (541 mg, 60% yield) and N,N-dipent-5-enyl-2’-
(nitrobenzene)sulfonamide (120 mg, 11%).1   
 
1-(3,4-dimethoxyphenyl)-2-(1-(2-nitrophenylsulfonyl) 
pyrrolidin-2-yl)ethanone (24): A solution of N-
nosylpentenamine 12 (480 mg, 1.78 mmol, 1 equiv) in DCE (6.6 mL) was added via 
syringe pump at a rate of 0.50 mL/hour to a stirring suspension of PdCl2(PhCN)2 (68 mg, 
10 mol%), CuCl2 (716 mg, 3.0 equiv) and finely ground activated 4Å molecular sieves 
(1.78 g) in DCE (2.2 mL) under an atmosphere of carbon monoxide and at room 
temperature.  After 16 hours, conversion to the acid chloride intermediate was complete 
as judged by ESI-MS analysis of an aliquot diluted in methanol (observed methyl ester : 









0.18 mmol, 10 mol%) was added in one portion followed by anhydrous veratrole (2.23 
mL, 17.8 mmol, 10 equiv).  The flask was fitted with a reflux condenser and heated at 70 
°C for 42 hours, then cooled to room temperature. The reaction was quenched by the 
addition of ethyl acetate (30 mL), saturated aqueous ammonium chloride (15 mL), and 
water (15 mL) and stirred vigorously for several minutes.  The mixture was then filtered 
through a short plug of Celite into ethyl acetate (50 mL) and washed further with 
saturated ammonium chloride (30 mL).  The organic layer was dried on anhydrous 
sodium sulfate, filtered and concentrated in vacuo.    Purification by flash column 
chromatography on silica gel (20% ! 50% ethyl acetate : hexanes) gave the title 
compound 13 (680 mg, 88% yield) as a colorless oil that solidified to a waxy solid on 
standing. 1H NMR (300 MHz, CDCl3) " 8.04-8.00 (m, 1 H, Ar-H), 7.79-7.53 (m, 5 H, 
Ar-H), 6.92 (d, 2 H, J = 8.4, Ar-H), 4.55-4.44 (m, 1 H, NCH), 3.95 (s, 6 H, OCH3), 3.74 
(dd, 1 H, J = 16.2, 3.1, CH2C(O)),  3.56-3.37 (m, 2 H, NCH2), 3.04 (dd, 1 H, J = 16.2, 
10.5, CH2C(O)), 2.11-1.92 (m, 2 H, CH2), 1.87-1.71 (m, 2 H, CH2); 
13C NMR (100 MHz, 
CDCl3) " 196.5, 153.5, 148.9, 148.5, 133.6, 131.4, 131.3, 130.6, 129.6, 123.9, 123.0, 
110.1, 110.1, 57.3, 56.0, 55.9, 48.9, 44.6, 31.7, 23.8, 14.1; IR: 3079, 2940, 1670, 1587, 
1545, 1372, 1263, 1164, 1022, 730 cm-1. HRMS (FAB+) exact mass calc’d for 
C20H23N2O7S (MH)
+ requires m/z 435.1220, found m/z 431.1230. 
 
1-(3,4-dimethoxyphenyl)-2-(pyrrolidin-2-yl)ethanone 
(25):  Thiophenol (34 !L, 0.331 mmol, 1.2 equiv) was added 
dropwise to a stirring suspension of the nosylate 13 (120 mg, 0.276 mmol, 1 equiv) and 







at 23 °C.  After 5 hours, the reaction was complete as judged by TLC (50% ethyl acetate : 
hexanes) and was diluted with ethyl acetate (1 mL).  Solids were removed by filtration 
through a short plug of Celite and the filter cake washed with ethyl acetate (3 ! 2 mL) 
then concentrated in vacuo.  The residue was loaded onto a short plug of silica gel, 
washed with ethyl acetate (25 mL) to collect a fraction of mostly 2’-nitrodiphenylsulfide 
(80.1 mg) followed by elution with dichloromethane-methanol-triethylamine (80:18:2, 25 
mL) to give rusplinone 14 (51.5 mg, 75% yield) as a clear oil.2 
 
1-(3,4-dimethoxyphenyl)-2-(1-(2-(4-methoxyphenyl) 
ethanoyl)pyrrolidin-2-yl)ethanone (20): To a solution of 
rusplinone 14 (48.0 mg, 0.192 mmol, 1.0 equiv) and 
triethylamine (80 !L, 0.576 mmol, 3.0 equiv) in 
dichloromethane (1 mL) was added a solution of p-
methoxyphenylacetyl chloride (70.0 mg, 0.384 mmol, 2.0 equiv) in dichloromethane (1.0 
mL) at 0 °C.  The reaction was then warmed to room temperature and stirred for 12 
hours.  The mixture was poured into ethyl acetate (10 mL) and washed with saturated 
ammonium chloride (2 ! 3 mL) then brine (2 mL) then dried on sodium sulfate, filtered 
and concentrated in vacuo.  The residue was purified on silica gel (0% " 10% acetone : 
dichloromethane) to give amide 15 (44.9 mg, 59% yield). 1H NMR (400 MHz, CDCl3) # 
7.86 (d, 1 H, J = 8.4, Ar-H), 7.61 (s, 1 H, Ar-H), 7.17 (d, 2 H, J = 8.4, Ar-H), 6.89-6.83 
(m, 3 H, Ar-H), 4.53-4.49 (m, 1 H, NCH), 3.92 (s, 3 H, OCH3), 3.90 (s, 3 H, OCH3), 
3.85 (dd, 2 H, J = 13.8, 2.6, CH2C(O), 3.58 (s, 3 H, OCH3), 3.54-3.38 (m, 2 H, NCH2), 
2.55 (dd, 1 H, J = 13.7, 10.6, CH2C(O)), 2.01-1.73 (m, 3 H, CH2); 







CDCl3) ! 197.5, 170.0, 158.4, 153.2, 148.8, 129.9, 129.7, 126.6, 123.7, 114.0, 110.2, 
110.1, 55.9, 55.3, 55.1, 47.2, 42.7, 42.0, 41.5, 29.1, 23.8. HRMS (FAB+) exact mass 
calc’d for C23H28NO5 (MH)
+ requires m/z 398.1962, found m/z 398.1945. 
 
7-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl)-2,3,8,8a-
tetrahydroindolizin-5(1H)-one (26): A stock solution of 
7.5% (w/w) potassium hydroxide in ethanol was prepared 
before beginning starting the reaction.  The acid chloride was 
prepared by dropwise addition of thionyl chloride (440 !L, 6.02 mmol, 2.0 equiv) to a 
solution of 4’-methoxyphenylacetic acid (500 mg, 3.01 mmol, 1 equiv) and DMF (10 !L) 
in dichloromethane (5 mL) at 0 °C.  After 5 minutes, the solution was warmed to 23 °C 
and stirred at this temperature for 4 hours.  Volatiles were removed by concentration in 
vacuo.  Traces of hydrochloric acid were removed by dissolution in dichloromethane and 
concentration in vacuo.  The acid chloride was carried forward without purification. 
The starting nosylate 3 (260 mg, 0.598 mmol, 1 equiv), azeotropically dried by 
three cycles of concentrating in vacuo from anhydrous benzene, and cesium carbonate 
(390 mg, 1.196 mmol, 2.0 equiv) were taken up in acetonitrile (2 mL).  Thiophenol (64 
!L, 0.628 mmol, 1 equiv) in acetonitrile (1 mL) was then added dropwise and the 
mixture stirred at 23 °C for 3 hours.  The yellow suspension was cooled to 0 °C and a 
solution of 4’methoxyphenylacetyl chloride (166 mg, 0.897 mmol, 1.5 equiv) in 
acetonitrile (0.5 mL) was added dropwise.  After 3 minutes, the reaction mixture was 
warmed to 23 °C and stirred for one hour.  The solution of 7.5% (w/w) potassium 







turn black.  The flask was quickly fitted with a reflux condenser and the reaction mixture 
heated at 60 °C for 1 hour.  Extended reaction time or elevated temperatures should be 
avoided at this step to minimize oxidation of the desired product.  The reaction mixture 
was cooled to room temperature and quenched with a saturated aqueous solution of 
sodium thiosulfate (3 mL), a saturated aqueous solution of ammonium chloride (3 mL), 
and ethyl acetate (10 mL).  The biphasic mixture was stirred at 23 °C for 30 minutes, then 
poured into ethyl acetate (30 mL): if necessary, dichloromethane (~5 mL) was added to 
the organic layer to form a clear solution.  The layers were separated and the organic 
layer washed further with a saturated aqueous solution of ammonium chloride (15 mL), 
then dried on sodium sulfate, filtered and concentrated in vacuo.  The residue was 
purified by flash column chromatography on silica gel (5% ! 20% acetone : 
dichloromethane) to give the title compound 16 (165 mg, 72% yield) and the 2-pyridone 
resulting from oxidation of the product (18 mg, 8% yield). 1H NMR (300 MHz, CDCl3) " 
7.04 (d, 2 H, J = 8.7, Ar-H), 6.74-6.71 (m, 4 H, Ar-H), 6.43 (d, 1 H, J = 1.2, Ar-H), 6.89-
6.83 (m, 3 H, Ar-H), 3.98-3.87 (m, 1 H, NCH2), 3.87 (s, 3 H, OCH3), 3.73 (s, 3 H, 
OCH3), 3.69-3.53 (m, 2 H, NCH2 and NCH), 3.48 (s, 3 H, OCH3), 2.85 (dd, 1 H, J = 
22.2, 4.8, CH2CH), 2.70 (dd, 1 H, J = 16.2, 13.8, CH2CH), 2.32-2.25 (m, 1 H, CH2), 
2.12-2.04 (m, 1 H, CH2), 1.97-1.63 (m, 2 H, CH2); 
13C NMR (100 MHz, CDCl3) " 164.2, 
158.4, 149.3, 147.9, 144.0, 132.6, 132.1, 131.8, 128.8, 120.8, 113.2, 112.7, 110.3, 55.7, 
55.5, 55.4, 55.1, 44.7, 37.2, 22.8, 23.1. HRMS (FAB+) exact mass calc’d for C17H14O3 




8a-hexahydroindolizine (27): To a solution of indolizidine 
16 (190 mg, 0.501 mmol, 1.0 equiv) in dioxane (15 mL) was 
added a 65% w/w solution of Red-Al in toluene (2.20 mL, 
7.01 mmol, 14 equiv) and the mixture heated at reflux for 2 hours.  The reaction mixture 
was cooled, volatiles removed in vacuo and excess hydride was quenched by careful 
addition of water (10 mL) then 15% NaOH (3 mL) then brine (20 mL).  The aqueous 
mixture was extracted with chloroform (5 ! 30 mL) and the combined organic fractions 
dried on sodium sulfate, filtered and concentrated in vacuo.  The residue was purified on 
silica gel (3% acetone : dichloromethane) to give 13a!-secoantofine 9 (109 mg, 60% 
yield).3 
Antofine (2):  To a solution of indolizidine 16 (20.0 mg, 
0.053 mmol, 1.0 equiv) in degassed DCE (2 mL) at 0 °C was 
added VOCl3 (15.0 µL, 0.158 mmol, 3.0 equiv).  The solution 
was allowed to warm to room temperature and stir overnight.  
Quench with saturated ammonium chloride (1 mL).  Then wash with 1 M ammonium 
hydroxide (1 mL x 3) and brine (1 mL).  Dry on sodium sulfate and filter through silica 
plug using 10% acetone : dichloromethane).  The crude reaction mixture contains both 
desired coupled product and side product corresponding to the desired product containing 
an additional Cl atom [MH+] 413 m/z)..  This mixture of products was then added as a 
THF solution (2 mL) to a suspension of LiAlH4 (20.1 mg, 0.53 mmol, 10 equiv) in THF 
(3 mL) at 0 °C.  The reaction mixture was then heated to reflux for 2 hours.  After 










mixture was filtered through celite followed by a silica plug to provide antofine 10 (14.5 




References for Experimental Section 
                                                 
1)  For characterization of the title compound, see Morton, D.; Leach, S.; Cordier, C.; 
Warriner, S.; Nelson, A. Angew. Chem. Int. Ed. Engl. 2009, 48(1), 104. 
 
2)  For characterization of the title compound, see Brown, D. S.; Charreau, P.; Hansson, 
T.; Ley, S. V. Tetrahedron 1991, 47, 1311. 
 
3)  For characterization of the title compound, see Ciufolini, M. A.; Roschangar, F. J. 
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4)  For characterization of the title compound, see Camacho-Davila, A.; Herndon, J. W. 



























































































































































































































































































Investigation of Stable Carbenium Catalysts  













I.1:  Inspiration for Carbocation Catalyzed Transfer Hydrogenation 
 Recently, the Lambert group developed a program focusing on the use of 
aromatic ions to mediate organic transformations.
1
  Aromatic ions are an attractive 
platform for reaction design due to their dual properties of aromatic stability and ionic 
charge.  One major area of research has concentrated on the use of cyclopropenium ions.    
Cyclopropenium is a 2!-electron aromatic system that is capable of shuttling 
between cationic and neutral states via a reversible association with a nucleophile (Fig. 
1a).  First synthesized by Breslow in 1957,
2
 the highly electronically and sterically 
tunable nature of cyclopropeniums makes them appealing for catalyst design.  They 
exhibit a wide range of pKR+ values, which measure the pH at which 50% of the 
cyclopropenium is quenched by water and reflect their electronic tunability (Fig. 1b).
3
  
Figure 1.  Cyclopropenium Ions as Promoters for Organic Transformations 
 
Our group has utilized cyclopropenium ions as mediators in nucleophilic 
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dichlorodiphenylcyclopropene promotes nucleophilic substitution to convert alcohols to 
alkyl chlorides (Fig. 2). 
Figure 2.  Cyclopropenium Mediated Chlorination of Alcohols 
 
 The success of these cyclopropenium mediated reactions led us to become 
interested in studying other modes of reactivity of cyclopropenium ions.  In particular, we 
were interested in exploiting their ability to shuttle between neutral and cationic states by 
the transfer of a nucleophile.  Rather than the activation of a substrate, this mode of 
reactivity would focus on increasing the reactivity of the nucleophile.  We surmised that 
this property could be especially valuable in the transfer of hydrogen.   
Figure 3.  Stabilized Cation Hydride Shuttling 
 
 In this reaction design, we envisioned a triarylcyclopropenium could be utilized as 
a catalyst to shuttle hydride from a less reactive hydride source for nucleophilic addition 
to an electrophile (Fig. 3a).  We surmised that the stability of the cationic form could 
make the cyclopropene-hydrogen bond more labile allowing for more efficient delivery 
to a substrate.     



























 While considering this reaction design, we also became interested in the 
triphenylmethyl (trityl) scaffold.  Although it is not an aromatic ion, this stable carbenium 
offers many of the benefits of aromatic cations.  The trityl cation is a highly stable ion 
that is capable of shuttling between neutral and cationic states and has an easily 
synthesized, highly tunable scaffold.  It also has a range of pKR+ values similar to that of 
cyclopropenium which are modulated by variation of substituents on its aryl rings.
4
  We 
envisioned that a trityl catalyzed hydride transfer could operate analogously to the 
proposed cyclopropenium catalyzed pathway (Fig 3b).         
 The use of trityl ion as a promoter in organic reactions was pioneered by 
Mukaiyama in 1984 in the application of trityl perchlorate in an O-glycosylation 
reaction.
5
  He later went on to show its use as a catalyst in many other reactions including 
C-glycosylation, aldol, Michael addition, and reductive etherification.
6
  Despite this 
impressive body of work, few others have studied trityl as a catalyst and little work has 
been done to probe the structure-activity relationship of the ion.  
 
I.2:  Background on Transfer Hydrogenation 
 One of the earliest examples of a transfer hydrogenation reaction is the Meerwein-
Ponndorf-Verley reduction introduced in the 1920s.
7
  In this reaction, carbonyl 
compounds are reduced via application of an aluminum alkoxide, which transfers a 
hydride from isopropanol.  The first example of a transition metal catalyzed transfer 
hydrogenation was reported by Mitchell and coworkers in 1964, which employed 
IrCl3(DMSO)3 to reduce cyclohexanone to cyclohexanol.
8
  Since this first report, there 
has been great interest in metal transfer hydrogenation catalysts and many have been 
! 224!
introduced which include rhodium, lanthanum, samarium, gadolinium, and most 
commonly, ruthenium.
9
  In general, isopropanol or formic acid and its salts are the 
hydride sources employed with these catalysts.  In 1976, Ohkubo and coworkers 
disclosed the first asymmetric transfer hydrogenation system, which utilized a ruthenium 
catalyst and a chiral phosphine ligand 4 to provide modest enantioselectivities in ketone 
reductions (Fig. 4).
10
  A significant advance was made by Noyori and coworkers in 1995 
to increase enantioselectivities to 99% with [RuCl2(Mes)]2 and chiral diamine ligand 5.
11
 
Figure 4.  Examples of Transfer Hydrogenation Catalysts 
 
More recently, efforts towards the development of organocatalytic transfer 
hydrogenation catalyst systems have been made.  These systems are often less expensive 
because they avoid the use of costly metals and ligands.  Typically, the Hantzch ester or 
silanes are used as hydride sources.  In 2004, List and coworkers introduced the first 





































salt as the catalyst.
12
   The group went on to show that chiral secondary ammonium salts 
like imidazolidinone 6 can lead to an asymmetric version of the reaction.
12
  Other chiral 
organocatalysts have since been reported including chiral phosphoric acid, such as 7.
13,14
   
 
I.3:  Reaction Design of Transfer Hydrogenation by Stable Cation Catalysts 
 We envisioned utilizing our stable cations as catalysts for the reduction of 
carbonyl functionalities.  In our proposed catalytic cycle, hydride would be transferred 
from a hydride source to the cyclopropenium to create a cyclopropene.  The driving force 
of aromaticity would increase the lability of the hydrogen-cyclopropene bond and would 
allow for easy transfer of the hydride to an aldehyde or imine substrate.  This could lead 
to reduction to form the corresponding alcohol or amine and regenerate the 
cyclopropenium catalyst.  We envisioned that the trityl catalysts would operate 
analogously.   
Figure 5.  Proposed Catalytic Cycle for Carbonyl Reduction 
 
 The use of stabilized carbocations as catalysts offers benefits including mild 
reaction conditions and potentially wide functional group tolerance.  In addition, 
cyclopropenium and trityl catalysts are highly tunable, possibly allowing for the 
development of chiral catalysts for asymmetric reduction.  There are only a few examples 
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of chiral trityl ions,
15
 though these require lengthy syntheses and chiral resolution steps 
which limit their practicality, and no reported examples of chiral cyclopropenium ions.  
Therefore, the development of this method also offers an opportunity for the design and 
study of new asymmetric carbocation catalysts.   
 
II.  Results and Discussion 
II.1:   Attempted Cyclopropenium Catalyzed Transfer Hydrogenation  
 Our initial studies began with employing trixylylcyclopropenium perchlorate 8 as 
the potential catalyst (Fig. 6).  This cyclopropenium was chosen due to its ease of 
synthesis and purification, as well as its solubility in most solvents.  Also, we 
hypothesized that using a more sterically hindered cyclopropenium could be beneficial in 
accelerating the transfer of the hydride from the cyclopropene intermediate to the 
substrate. 
Figure 6.  Trixylylcyclopropenium perchlorate 
 
 Initially, tosylimine 9 was subjected to 20 mol % trixylylcyclopropenium catalyst 
and an equivalent of triethylsilane as a hydride source in CDCl3 (Fig. 7a).  Starting the 
reaction at room temperature, the temperature was raised incrementally and the reaction 
was monitored periodically by 
1
H NMR for product formation until it reached refluxing 












Figure 7.  Attempted Imine and Aldehyde Reduction 
 
 Benzaldehyde was also subjected to the same set of reagents in an attempted 
carbonyl reduction (Fig. 7b), which would produce benzyl alcohol.  Instead benzyl ether 
was isolated in 89% yield after stirring for 14 hours at 50 °C.  Rather than the intended 
aldehyde reduction, these conditions led to a reductive etherification reaction via the 
dimerization of benzaldehyde.   
Although this was not our original proposal, we were excited by this unexpected 
reaction, which resulted in the formation of a new C-O bond, likely via a hydride transfer 
mechanism.  This transformation led to the construction of a more complex product than 
we originally proposed and could offer a more interesting platform for the development 
of our stable cation catalyzed hydride transfer.  Also, a literature search revealed that a 
cyclopropenium catalyzed reductive etherification protocol would offer benefits 
compared to current methods. 
The first reductive etherification reaction of aldehydes and ketones was reported 
by Doyle in 1972, which involved the application of excess strong acid.
16
  A variety of 
other methods have since been introduced using an array of protic and Lewis acids.
6f,17
  
Many of these protocols involve the use of reagents that are harsh, difficult to handle or 
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expensive.  A cyclopropenium or trityl catalyzed etherification method could offer mild, 
inexpensive conditions allowing for greater substrate scope.  More importantly, it could 
lead to the development of the first asymmetric reductive etherification protocol.  
Therefore, we undertook the study of this reductive etherification reaction using our 
cationic catalysts.  
 
II.2:  Mechanism of Cyclopropenium Catalyzed Reductive Etherification              
 The reductive etherification reaction has been reported to occur via two 
mechanisms, acid catalyzed or transfer hydrogenation (Fig. 8, see Fig. 11 for full 
mechanism).  In the Lewis acid catalyzed mechanism, the acid activates the carbonyl 
towards nucleophilic attack of hydride from the silane (Fig. 8a).
18
  Many of the methods 
reported have indicated this carbonyl activation as the operative mechanism.  A transfer 
hydrogenation mechanism has also been reported, in which the silane interacts with the 
carbonyl group, while the hydride is transferred to the catalyst, such as 
tris(pentafluorophenyl)borane (Fig. 8b).
19
  The hydride becomes activated by the catalyst 
and is transferred to the oxocarbenium intermediate.       
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 Our preliminary results indicate that the second mechanism is likely operative 
in the cyclopropenium catalyzed reductive etherification.  In the first set of experiments, 
benzaldehyde was stirred with an equivalent of triethylsilane in CDCl3 (Fig 9a).  Neither 
at room temperature, nor upon heating to 50 °C was any reaction observed between the 
substrate and the silane, supporting the hypothesis that the cyclopropenium is involved in 
the hydride transfer.  Interestingly, when the cyclopropenium was subjected to an 
equivalent of triethylsilane at both room temperature and 50 °C, no cyclopropene was 
observed (Fig. 9b).   These results suggest that all three components are required for the 
successful transfer of hydride.   
Figure 9.  Interaction of Silane with Catalyst or Substrate 
 
 Further evidence for the involvement of the cyclopropenium in the hydride 
transfer was revealed when exploring the substitutents on the silane (Fig. 10).  While 
dimethylphenylsilane provided the desired product in 91% yield, triphenylsilane failed to 
lead to any reaction.  The inability for triphenylsilane to participate in the reaction could 
be explained by the significantly larger steric hindrance imposed by the three phenyl 
substituents as compared to the other silanes we investigated.  If the mechanism requires 
that the silane interacts with the cyclopropenium, then the larger substituents on 
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with the sterically hindered cyclopropenium.  Consequently, the hydride would be unable 
to be transferred and no reaction would take place. 
Figure 10.  Effect of Silane Substituents   
 
 This experimental evidence supports a three-component mechanism for the 
transfer of hydride from silane to the cyclopropenium. In our proposed mechanism (Fig. 
11), the hydride on triethylsilane coordinates to the cyclopropenium, while the carbonyl 
oxygen coordinates to the silicon.  In a concerted step, the triethylsilyl group is 
transferred to the carbonyl forming an oxocarbenium 12 while the hydride is transferred 
to the cyclopropenium creating a neutral cyclopropene 14.  The positively charged 
substrate 12 is now activated for nucleophilic attack by the hydride, which gets 
transferred from the cyclopropene to regenerate the cyclopropenium catalyst and form the 
silyl-protected alcohol intermediate 13.  Previous studies of the mechanism of reductive 
etherifications have suggested the formation of mixed acetal 15 in which the siloxy group 
would be preferentially eliminated.  Invoking the same type of three component 
concerted mechanism as in the formation of the silyl-protected alcohol, another 
triethylsilyl group would be transferred to the siloxy group on 15 from triethylsilane, 
while the hydride would be transferred to the cyclopropenium.  Again, an oxocarbenium 
intermediate 17 would be formed upon elimination of disilylether from 16, which would 
be reduced by transfer of hydride from the cyclopropene.  Thus, the ether product would 
Ph
O (20 mol %)
silane, CDCl3




PhMe2SiH:  91% yield
Ph3SiH:      No reaction
Ph O Ph
! 231!
be formed and the cyclopropenium catalyst would again be regenerated.  Further 
mechanistic investigations will be necessary to provide a definitive mechanism. 
Figure 11.  Proposed Mechanism of Cyclopropenium Catalyzed Reductive Etherification 
 
 
II.3:  Investigation of the Cyclopropenium Catalyzed Reductive Etherification 
 After gaining a better understanding of the mechanism of this transformation, 
the reaction was further investigated to examine the scope of the cyclopropenium 
catalyzed etherification.  First, it was discovered that the reaction could be performed at 
room temperature effectively.  A solvent screen revealed that more polar solvents led to 
more efficient reaction times, likely due to better stabilization of the charged 
intermediates (Table 1).  In fact, nitromethane reduced the reaction time to only two 























































Table 1.  Solvent Screen 
!
!
! It was also shown that the catalyst loading could be decreased to 10 mol % 
without any significant loss in efficiency.  Using nitromethane as a solvent and catalyst 
loading of 10 mol %, the effect of electronics on the substrates was explored.  Both p-
methoxybenzaldehyde and p-nitrobenzaldehyde were subjected to the new reaction 
conditions.  A clear electronic effect was observed, in which the more electron-deficient 
aldehyde reacted faster than the electron-rich aldehyde.  These results also serve as 
further evidence for a hydride transfer mechanism, given that a Lewis acid catalyzed 
mechanism would lead to the opposite trend of reactivity due to electronic effects.
19b 
Table 2.  Varying Electronics of Substrate 
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 Though the reductive etherification of aldehyde substrates is useful, the 
reaction could find greater utility using ketone substrates to make more complex ether 
products.  More significantly, chiral ethers could be synthesized via the asymmetric 
reductive etherification of ketone substrates by a chiral cyclopropenium.  Therefore, we 
directed efforts towards the reductive etherification of ketones.  Thus, acetophenone was 
subjected to etherification conditions using benzyloxytrimethylsilane as a coupling 
partner (Fig. 12).  However, even upon heating to 80 °C for 18 hours, only a trace 
amount of desired ether 18 was observed.  We proposed that the increased steric 
hindrance imposed by the ketone substrate is the rationale for the lack of reactivity.     
Figure 12.  Attempted Extension to Ketone Substrate 
 
 
II.4:  Trityl Catalyzed Reductive Etherification 
 Following the discovery of our cyclopropenium catalyzed reductive 
etherification, we simultaneously began to investigate the trityl catalyzed version of the 
method.  Literature searches revealed that a trityl catalyzed reductive etherification had 
already been reported by Mukaiyama and coworkers in 1985.
6f
 They showed that 
triphenylmethyl perchlorate catalyzed the reaction of aldehydes and ketones with 
alkoxytrimethylsilanes to produce both symmetrical and unsymmetrical ethers using mild 
conditions.  Though this initial report was never further explored and provided only 
limited substrate scope, we were attracted to this method due to the ability to use ketones, 
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given the difficulty encountered in our initial experiments with the cyclopropenium 
catalyst on the ketone substrate.   
 Therefore, we set out to conduct a thorough investigation of trityl catalysts in 
the reductive etherification of ketone substrates.  Our goal was to explore the electronic 
and steric tunability of the catalyst to gain a better understanding of the reaction and 
catalyst activity.  This data would enable us to better design chiral trityl catalysts for the 
development of an asymmetric reductive etherification. 
 Our study began with a brief investigation of reaction conditions for the 
reductive etherification of acetophenone and benzyloxytrimethylsilane.  While 
Mukaiyama’s conditions were reported at 0 °C, we chose to optimize our reaction at 
room temperature.  This modification later helped to simplify our rate studies (see II.5).  
Screening solvents at room temperature using 10 mol % of trityl perchlorate and 
triethylsilane as the hydride source (Table 3), we found that DCM was the most  
Table 3.  Solvent Screen of Trityl Catalyzed Reductive Etherification 
 
 a Determined by 1H NMR analysis using 4-bromoanisole as an internal standard.  



























effective, producing the desired ether in 48% yield in three hours (entry 1).  With these 
optimized conditions, we began to study the structure of the catalyst. 
 
II.5:  Investigation of Catalyst Structure 
 Our study began with an exploration of varying the substituents on one aryl 
ring of the catalyst as a means to study the effects of electronics on the catalyst’s activity 
(Fig. 13).  Trityl derivatives having either a p-methoxy or p-fluoro group on one of the 
aromatic rings were synthesized and subjected to the standard reaction conditions.  These 
reactions were monitored by 
1
H NMR to measure the formation of product using an 
internal standard to determine the relative initial rates of the reaction.  A clear electronic 
trend was observed in which the more electron-rich catalyst (p-MeO, 19) displayed the 
fastest rate, while the more electron-poor catalyst (p-F, 20) gave the slowest rate.  These 
observations suggest that the rate is related to the stability of the trityl ion with the more 
stable catalyst providing the faster rate.  Yet, when a second anisyl group was substituted 
for a phenyl group to make a di-anisyl trityl derivative to increase the electron density of 
the catalyst, only trace product was observed after stirring at room temperature overnight.  
This result suggests that there is an upper limit of trityl stability before the catalyst 
becomes unreactive. 
 Our next structure study focused on steric effects on the catalyst activity by 
manipulating the size and position of the substituents on the aromatic rings (Fig. 14).  We 
hypothesized that an increase in steric hindrance of the substituents would lead to a 
slower reaction rate.  A series of trityl derivatives were made in which the ortho 
substituent on one of the aromatic rings was varied to include substituents of increasing 
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size including methyl, isopropyl and phenyl.  The addition of an ortho methyl group 
showed no significant steric effect.  In fact, the o-tolyl substituted trityl 21 displayed a 
faster reaction rate than trityl, likely due to an electronic effect since the addition of the 
methyl group makes it more electron-rich than trityl.  The isopropyl group at the ortho 
position (22) imparted a significant steric effect, leading to a slightly slower reaction rate 
than trityl as would be expected from increased steric hindrance.  Substitution of a phenyl 
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steric hindrance.  Interestingly, this catalyst is white in color, while all the other catalysts 
are bright shades of red, orange and yellow (Fig. 15).  This observation suggests that the 
ortho phenyl group in 26 is causing a distortion of the planarity of the molecule, thus 
likely disturbing the conjugated !-system and decreasing its reactivity. 
 A second series of trityl derivatives was synthesized to further probe the 
steric effects.  Here, multiple ortho substituents on the aromatic rings were incorporated, 
either on a single ring (mesityl derivative, 23) or each on separate rings (di- or tri-ortho 
tolyl derivatives, 24 and 25).  In the case of the mesityl derivative 23, a significantly 
slower reaction rate was observed as compared to the mono-o-tolyl derivative 21 due to 
the increased steric hindrance of a second ortho methyl group.  Despite having the same 
number of ortho substituents as the mesityl derivative 23, a very different reactivity 
profile was observed for the di-ortho tolyl derivative 24.  Rather than a decrease in rate, 
instead a significant increase in rate was observed.   This substitution pattern would 
appear not to suffer from steric hindrance, but instead gains efficiency from the electron-
donating effect of the additional methyl groups, which results in a more stable cation. 
This increase in electron density is again manifested in a faster reaction rate.  On the 
other hand, the tri-ortho-tolyl derivative 25 displayed a similar reaction rate to the mesityl 
derivative 23, which suggests that the steric hindrance imparted by the additional methyl 
group outweighed the increased electron donation.  Despite decreasing the reaction rate, 
these studies revealed that a significant amount of steric hindrance can be incorporated 
into the catalyst structure without hampering its reactivity.   These conclusions provided a 
starting point for the design of more complex catalysts, particularly as we began to 
consider the development of chiral trityl ions.      
! 239!
II.6:  Mechanism of Trityl Catalyzed Reductive Etherification 
 We proposed the same mechanism for the trityl catalyzed reductive 
etherification as was proposed for the cyclopropenium catalyzed version involving a 
three-component, concerted hydride transfer step (see II.2 and Fig. 16 below).  Our 
experimental evidence helps to support this mechanism. When these reactions are 
performed, the intense color of the trityl ion is initially evident in the reaction solution, 
but quickly dissipates to a colorless solution.  This observation supports the reduction of 
trityl to triarylmethyl, which is colorless.  Also, the relative rate data gathered in the 
electronic study (Fig. 13) revealed faster reaction of the more electron-rich trityl ions 
over the electron-poor catalysts.  This result is opposite what would be expected if the 
trityl catalyst was functioning as a Lewis acid to activate the carbonyl compound, rather 
than a hydride transfer agent.  These observations suggest that the hydride transfer step 
from the reduced trityl catalyst to the oxocarbenium 29 could be the rate-determining 
step.  One would expect that the more electron-rich catalyst would transfer hydride faster 
to regenerate the more stable cation.  Again, further mechanistic evidence would be 
necessary to fully rule out a Lewis acid catalyzed mechanism. 
 


































II.7:  Chiral Trityl Catalysts 
 Chiral trityl molecules have been synthesized and investigated for their 
interesting physical properties.
20
  Three general chiral trityl scaffolds have been reported 
(Fig. 17), including Smith’s trioxatriangulenium cation 30,
15a
 Kagan’s ferrocenyl cation 
31,
15b
 and Chen’s dibenzosuberone-based cation 32.
15d
 All of these cations require 
lengthy syntheses, which often include a chiral resolution step.  With the exception of 
Chen’s trityl molecule, which he developed as a catalyst for Mukaiyama aldol reactions, 
these scaffolds have not been studied as asymmetric catalysts for organic reactions.  At 
that, Chen’s dibenzosuberone catalyst only achieves modest enantioselectivities (3-50% 
ee) in the aldol reaction.
15d
  The lengthy syntheses preclude the practicality of utilizing 
these known structures for the development of asymmetric catalysts, particularly as 
modulation of the catalysts can be difficult and time-consuming. 
Figure 17.  Known Chiral Trityl Scaffolds 
 
 Therefore, we proposed the development of a new class of chiral trityl 
catalysts that utilize a simple, two-step synthesis (Fig. 18).  Using commericially 
available chiral arenes, a simple aryllithium addition to a benzophenone would provide 
chiral triarylmethanol derivatives in a single step.  Ionization of the alcohol via standard 














adapted to include a variety of chiral arene or benzophenone derivatives for rapid 
synthesis of a diverse set of catalysts.   





 In our first attempt at developing a chiral trityl catalyst, we incorporated R-
BINOL as the chiral arene to make catalyst 33 (Fig. 19).  Applying standard reaction 
conditions, no desired reaction was observed.  Even increasing the temperature to 120 °C 
in nitromethane did not lead to any desired reactivity.  This chiral trityl ion was likely too 
sterically hindered to catalyze the reaction, which was not entirely surprising given the 
failure of the o-phenyl substituted trityl catalyst described in section II.5. 
Figure 19.  Attempted Asymmetric Reaction with BINOL-Derived Catalyst 
 
 Using the same strategy, chiral catalyst 34 was synthesized from 
commericially available R-!-methylbenzylamine and benzophenone using our proposed 
strategy after tosyl protection of the amine.  This catalyst was applied in our reaction 
using standard reaction conditions (Fig. 20).  While it was successful in catalyzing the 
















enantioselectivity.  Nonetheless, since this catalyst displayed desired reactivity, it could 
serve as a good starting point for the design of other catalysts. 
Figure 20.  Reductive Etherification with Asymmetric Catalyst 
 
 Thus, using the scaffold of catalyst 34 as guidance, other alcohols were 
synthesized via the same strategy varying both the ketone and chiral arene partners (Fig. 
21).  An analog of catalyst 34 was synthesized using the corresponding chiral 
benzylalcohol to yield 35.  To increase the steric bulk of the catalyst, which could 
potentially better direct stereoselectivity, 2,2'-dimethylbenzophenone was substituted for 
benzophenone leading to 36.  To further increase the steric bulk of the catalyst, two 
equivalents of the chiral arene were added to methyl benzoate to construct alcohols 37 
and 38. 
Figure 21.  Chiral Triarylmethanols 
 
 After synthesizing these chiral alcohols, they were subjected to standard 
ionization conditions using concentrated perchloric acid in acetic anhydride at 0 °C.  In 
the typical reaction, successful ionization is indicated by a marked color change of the 





































the alcohols shown in Fig. 21, a color change was observed, however the products failed 
to precipitate from the reaction mixture.  Instead, the product oiled out of solution, 
making it impossible to isolate and rapid decomposition of the ion was observed.  Other 
reaction conditions were attempted including variation of temperature and concentration 
as well as application of other solvents and dessicants.  None of these modifications led 
to isolation of a solid trityl ion.  Further work is necessary to develop an ionization 
method suitable for these new chiral alcohols.    
 
III.  Conclusions 
 The first example of a cyclopropenium catalyzed reductive etherification of 
aldehydes has been disclosed.  Our studies support a three-component hydride transfer 
mechanism utilizing cyclopropenium to shuttle hydride from the silane to the substrate.  
Further studies are necessary to probe the cyclopropenium catalyst structure to determine 
if ketone substrates could be applied in this method. 
 The structure-activity relationship of trityl catalysts in the reductive 
etherification method was studied.  These rate studies revealed that more electron-rich 
catalysts perform faster, perhaps suggesting a hydride transfer rate-determining step.  A 
significant amount of steric hindrance is tolerated by these catalysts in this reaction.  
Initial investigations into the development of new chiral trityl scaffolds were presented.  
Continued efforts in the Lambert laboratory to develop new ionization methods will 
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V. Experimental Section 
 
General Information:  All reactions were performed using base-washed, oven-dried 
glassware under an atmosphere of argon (dried by passage through Drierite).  Reagents 
and solvents were transferred under argon by syringe.  Organic solutions were 
concentrated under reduced pressure using a Buchi rotary evaporator. Diethyl ether, 
tetrahydrofuran, and dichloromethane were dried using a J.C. Meyer solvent purification 
system.  Nitromethane was distilled from potassium carbonate.  All other reagents were 
used as received unless specified. Flash column chromatography was performed 
employing 32-63 !m silica gel (Dynamic Adsorbents Inc) or basic alumina (Fluka, pH 






C NMR were recorded in CDCl3 on Brucker DRX-300 and DRX-400 as 
noted, and are internally referenced to the residual solvent peak.  Data from 
1
H NMR are 
reported as follows:  chemical shift (! ppm), multiplicity (s = singlet, brs = broad singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet), integration, coupling constant (Hz) 
and assignment.  Data for 
13
C NMR are reported in terms of chemical shift.   IR spectra 
were recorded on a Nicolet Avatar 370 DTGS (Thermo) using NaCl salt plates and 
reported in terms of frequency of absorption (cm
-1
).   Low-resolution mass spectra (MS) 
were acquired on a JEOL JMS-LCmate liquid chromatography mass spectrometer system 




Trixylylcyclopropenium perchlorate (8): A suspension of AlCl3 
(1.2g, 9.0 mmol, 1.1 equiv) in m-xylenes (10 mL) was cooled to !78 
°C.  Tetrachlorocycloprepene (1.5 mL, 8.2 mmol, 1.0 equiv) was slowly added and 
allowed to warm to room temperature.  The reaction mixture was heated to 100 °C and 
stirred for 18 hours.  After cooling to room temperature, it was diluted with DCM (30 
mL) and washed with water (2 " 20 mL).  Perchloric acid (70%, 15 mL) was added to the 
organic layer and stirred at room temperature for 3 hours.  The layers were separated and 
the organic layer was washed with water (2 " 20 mL).  The organic layer was 
concentrated and recrystallized from hot acetonitrile:diethyl ether to  yield a white solid 
(0.89 g, 24% yield). 
1
H NMR (300 MHz, CDCl3) # 7.99 (d, 3H, J = 8.1,  Ar-H), 7.36-7.33 (m, 6H, Ar-H), 
2.48 (s, 9H, CH3), 2.45 (s, 9H, CH3). 
 13
C NMR (75 MHz, CDCl3) # 157.4, 149.0, 143.8, 
134.4, 132.9, 132.3, 128.3, 118.6, 22.3, 21.0. LRMS (APCI+) exact mass calculated for 
C27H27
+
 (M+) requires m/z 351.2, measured 351.1. 
 
General Procedure A for Reductive Etherification Catalyzed by Cyclopropenium:  
Triethylsilane (1.0 equiv) was added to solution of indicated aldehyde (1.0 equiv) and 
trixylylcyclopropenium chloride (0.1 equiv) in nitromethane (5 mL/mmol substrate).  
Reaction was allowed to stir until all starting material was consumed as indicated by TLC 
or 
1
H NMR aliquot.  The reaction mixture was diluted with DCM (1 mL/mmol) and 
washed with 1M HCl (1 mL/mmol).  It was dried on sodium sulfate and concentrated.    






bis(p-methoxybenzyl)ether (S1): Following 
General Procedure A, title compound was prepared 
using p-methoxybenzaldehyde (24 µL, 0.20 mmol, 1.0 equiv), trixylylcyclopropenium 
perchlorate (9.0 mg, 0.02 mmol, 0.1 equiv) and triethylsilane (32 µL, 0.20 mmol, 1.0 





bis(p-nitrobenzyl)ether (S2): Following General 
Procedure A, title compound was prepared using p-
nitrobenzaldehyde (20 µL, 0.20 mmol, 1.0 equiv), trixylylcyclopropenium perchlorate 
(9.0 mg, 0.02 mmol, 0.1 equiv) and triethylsilane (32 µL, 0.20 mmol, 1.0 equiv) to yield 




General Procedure B for Synthesis of Carbinols:  A solution of aryl lithium or aryl 
Grignard (1.0 equiv) in THF (0.15M) was cooled to –78 °C.  A solution of the 
corresponding benzophenone was added in a solution of THF (0.4 M).  The reaction 
mixture was allowed to warm to room temperature and stir for 18 hours.  The reaction 
was quenched by the addition of water, extracted into ethyl acetate (3x), washed with 
brine, and dried with sodium sulfate.  The product was purified on silica gel using the 
indicated eluent. 
 
General Procedure C for Synthesis of Trityl Cations:  An oven-dried two-dram vial 






anhydride (0.5M) was added open to air and the solution was cooled to 0 °C.  Perchloric 
acid (70% in water, 5.0 equiv) was added dropwise.  An immediate change in color was 
observed.  The reaction mixture stirred for 30 min at 0 °C.  Dry diethyl ether (0.5 mL/1 
mmol substrate) was added and immediate precipitation of product was observed.  The 
solid was collected, washed with dry diethyl ether, and left on high vacuum pump.  The 
trityl products must be stored below room temperature to retain shelf life.   
 
trityl perchlorate:  Prepared according to procedure by Schilf from 





(4-methoxyphenyl)diphenylmethanol (S3):  Prepared according to 





(4-methoxyphenyl)diphenylmethylium perchlorate (17): Prepared 




(4-fluorophenyl)diphenylmethanol (S4): 4-fluorophenyllithium was 
prepared by the addition of tBuLi (5.9 mL, 10.0 mmol, 2.0 equiv) to 4-
bromo-4-fluorobenzene (0.54 mL, 5.0 mmol, 1.0 equiv) in THF (36 mL) at –













compound was prepared using benzophenone (0.94 g, 5.0 mmol, 1.0 equiv) and 4-
fluorophenyllithium.  The product was purified via flash chromatography using a gradient 
of 2-5% ethyl acetate:hexanes to yield a white solid (0.95 g, 68% yield).
 
1
H NMR (300 MHz, CDCl3) ! 7.36-7.25 (m, 12H, Ar-H), 7.00 (t, 2H, J = 8.4, Ar-H), 
2.79 (s, 1H, OH). 
13
C NMR (75 MHz, CDCl3) ! 161.7, 160.5, 146.9, 142.9, 129.9, 129.8, 
128.2, 128.0, 127.6, 115.0, 114.7, 81.8.  IR 3469, 3056, 1602, 1504, 1455, 1239, 1155, 
1001, 840, 694. LRMS (APCI+) exact mass calculated for C25H19
+
 (M-OH) requires m/z 
261.1, measured 260.8. 
 
(4-fluorophenyl)diphenylmethylium perchlorate (18): Following 
General Procedure C, (4-fluorophenyl)diphenylmethanol (200 mg, 0.72 
mmol, 1.0 equiv) and perchloric acid (0.21 mL, 3.60 mmol, 5.0 equiv) 
yielded the title compound as a yellow solid (82 mg, 32% yield). 
1
H NMR (300 MHz, d-MeCN) ! 8.43-8.19 (m, 2H, Ar-H), 8.04-7.49 (m, 12H, Ar-H). 
13
C NMR (75 MHz, d-MeCN) ! 147.8, 143,7, 141.1, 131.1, 119.4, 119.1.  IR 3595, 3455, 
3063, 1630, 1497, 1449, 1239, 1120, 847, 743, 687. LRMS (APCI+) exact mass 
calculated for C25H19
+
 (M-ClO4) requires m/z 261.1, measured 261.8. 
 
diphenyl(o-tolyl)methanol (S5): 2-methylphenyllithium was prepared 
by the addition of tBuLi (9.8 mL, 16.6 mmol, 2.0 equiv) to 2-
bromotoluene (1.0 mL, 8.3 mmol, 1.0 equiv) in THF (60 mL) at –78 °C 
and stirred for 1 hour. Following General Procedure B, title compound was prepared 








product was purified via flash chromatography using 2% ethyl acetate:hexanes to yield a 
white solid (1.84 g, 81% yield).
 
1
H NMR (300 MHz, CDCl3) ! 7.39-7.21 (m, 12H, Ar-H), 7.07-7.02 (m, 1H, Ar-H), 6.76 
(d, 1H, J = 7.8, Ar-H), 2.97 (s, 1H, OH), 2.17 (s, 3H, CH3). 
13
C NMR (75 MHz, CDCl3) 
! 146.8, 144.7, 138.2, 132.7, 129.7, 128.1, 127.9, 127.9, 127.3, 125.1, 83.3, 22.3.  IR 
3546, 3452, 3063, 3021, 1484, 1428, 1316, 1183, 1001, 896, 770, 701, 638. LRMS 
(APCI+) exact mass calculated for C20H17
+
 (M-OH) requires m/z 257.1, measured 256.8. 
 
diphenyl(o-tolyl)methylium perchlorate (19):  Following General 
Procedure C, diphenyl(o-tolyl)methanol (100 mg, 0.36 mmol, 1.0 
equiv) and perchloric acid (0.11 mL, 1.82 mmol, 5.0 equiv) yielded 
the title compound  as a red-orange solid (114 mg, 89% yield). 
1
H NMR (300 MHz, CDCl3) ! 8.23 (t, 2H, J = 7.2, Ar-H), 7.95-7.85 (m, 5H, Ar-H), 
7.75-7.72 (m, 5H, Ar-H), 7.62-7.54 (m, 2H, Ar-H), 7.33-7.29 (m, 1H, Ar-H), 1,99 (s, 3H, 
CH3). 
13
C NMR (75 MHz, CDCl3) ! 147.6, 144.4, 142.6, 142.0, 141.2, 141.0, 140.5 
133.9, 131.2, 127.2, 22.0.  IR 3595, 3539, 3063, 1623, 1490, 1442, 1120, 757, 694, 617, 
575. LRMS (APCI+) exact mass calculated for C20H17
+
 (M-ClO4) requires m/z 257.1, 
measured 256.8. 
 
(2-isopropylphenyl)diphenylmethanol (S6): (2-isopropylphenyl) 
lithium was prepared by the addition of nBuLi (0.6 mL, 1.6 mmol, 1.1 
equiv) to 1-iodo-2-isopropylbenzene
5
 (0.36 g, 1.5 mmol, 1.0 equiv) in THF (11 mL) at –







prepared using benzophenone (0.28 g, 1.5 mmol, 1 equiv) and (2-
isopropylphenyl)lithium.  The product was purified via flash chromatography using 5% 
ethyl acetate:hexanes to yield a white solid mixture containing ~10% unreacted 
benzophenone.  Product was carried forward with this impurity. 
 
(2-isopropylphenyl)diphenylmethylium perchlorate (20): 
Following General Procedure C, (2-
isopropylphenyl)diphenylmethanol (100 mg, 0.33 mmol, 1.0 equiv) 
and perchloric acid (0.10 mL, 1.65 mmol, 5.0 equiv) yielded the title compound as an 
orange solid (36 mg, 28% yield).   
 
mesityldiphenylmethanol (S7): Mesityllithium was prepared by the 
addition of tBuLi (9.8 mL, 16.6 mmol, 2.0 equiv) to bromomesitylene 
(1.3 mL, 8.3 mmol, 1.0 equiv) in THF (60 mL) at –78 °C and stirred 
for 1 hour.  Following General Procedure B, title compound was 
prepared using benzophenone (1.56 g, 8.3 mmol, 1 equiv) and mesityllithium.  The 
product was purified via flash chromatography using 5% ethyl acetate:hexanes to yield a 
yellow oil (2.49 g, 99% yield).
 
1
H NMR (300 MHz, CDCl3) ! 7.33-7.24 (m, 10H, Ar-H), 6.83 (s, 2H, Ar-H), 2.73 (s, 
1H, OH), 2.29 (s, 3H, CH3), 1.88 (s, 6H, CH3). 
13
C NMR (75 MHz, CDCl3) ! 147.8, 
141.3, 138.3, 136.4, 131.4, 128.3, 128.0, 127.4, 83.7, 24.4, 20.7.  IR 3546, 3462, 3077, 
3021, 2937, 1623, 1455, 1323, 1176, 1008, 1001 833, 770, 708. LRMS (APCI+) exact 
mass calculated for C22H21
+









mesityldiphenylmethylium perchlorate (21):  Following General 
Procedure C, mesityldiphenylmethanol (109 mg, 0.36 mmol, 1.0 
equiv) and perchloric acid (0.11 mL, 1.82 mmol, 5.0 equiv) yielded 
the title compound as a red-purple solid (96 mg, 69% yield). 
1
H NMR (300 MHz, CDCl3) ! 8.38-8.14 (m, 2H, Ar-H), 8.06-7.55 (m, 8H, Ar-H), 7.22-
7.05 (s, 2H, Ar-H), 2.29 (s, 3H, CH3), 1.88 (s, 6H, CH3). IR 3532, 3056, 2917, 1581, 
1449, 1351, 1295, 1183, 1085, 708, 631. LRMS (APCI+) exact mass calculated for 
C22H21
+
 (M-OH) requires m/z 285.2, measured 285.8. 
 
phenyldio-tolylmethanol (S8):  Prepared according to procedure by 
Xi to yield a white solid.
6
   
 
phenyldio-tolylmethylium perchlorate (22): Following General 
Procedure C, phenyldio-tolylmethanol (100 mg, 0.35 mmol, 1.0 
equiv) and perchloric acid (0.10 mL, 1.75 mmol, 5.0 equiv) 
yielded the title compound as a red solid (81 mg, 62% yield). 
1
H NMR (400 MHz, CDCl3) ! 8.41-8.20 (m, 1H, Ar-H), 7.97-7.82 (m, 4H, Ar-H), 7.75-
7.68 (m, 2H, Ar-H), 7.63-7.53 (m, 4H, Ar-H), 7.39-7.28 (m, 2H, Ar-H), 2.02 (s, 6H, 
CH3). 
13
C NMR (75 MHz, CDCl3) !  145.2, 142.3, 141.6, 134.3, 131.4, 128.l, 21.8. IR 
3602, 3546, 3077, 3014, 2924, 1637, 1490, 1442, 1113, 750. LRMS (APCI+) exact mass 
calculated for C21H19
+










trio-tolylmethanol (S9): 2-methylphenyllithium was prepared by the 
addition of tBuLi (1.7 mL, 2.9 mmol, 2.1 equiv) to 2-bromotoluene 
(0.19 mL, 1.6 mmol, 1.1 equiv) in THF (7 mL) at –78 °C and stirred 
for 1 hour.  Following General Procedure B, title compound was prepared using dio-
tolylmethanone
7
 (0.30 g, 1.4 mmol, 1.0 equiv) and 2-methylphenyllithium.  The product 
was purified via flash chromatography using 1% ethyl acetate:hexanes to yield a white 
solid (0.37 g, 88% yield).
 
1
H NMR (300 MHz, CDCl3) ! 7.29-7.18 (m, 6H, Ar-H), 7.05-6.99 (m, 3H, Ar-H), 6.75 
(d, 3H, J = 7.8, Ar-H), 2.90 (s, 1H, OH), 2.21 (s, 3H, CH3). 
13
C NMR (75 MHz, CDCl3) 
! 143.9, 138.1, 132.8, 129.3, 127.7, 125.3, 86.2, 22.9.  IR 3637, 3532, 3063, 3014, 2910, 
1602, 1484, 1463, 1202, 1155, 994, 889, 743. LRMS (APCI+) exact mass calculated for 
C22H21
+
 (M-OH) requires m/z 285.2, measured 284.9. 
 
trio-tolylmethylium perchlorate (23):  Following General 
Procedure C, trio-tolylmethanol (100 mg, 0.33 mmol, 1.0 equiv) 
and perchloric acid (0.10 mL, 1.65 mmol, 5.0 equiv) yielded the 
title compound as a red solid (48 mg, 38% yield). 
1
H NMR (300 MHz, CDCl3) ! 7.99-7.94 (m, 3H, Ar-H), 7.61-7.53 (m, 6H, Ar-H), 7.26-
7.23 (m, 3H, Ar-H), 2.01 (s, 9H, CH3).  IR 3056, 3014, 1595, 1470, 1358, 1085, 750. 
LRMS (APCI+) exact mass calculated for C22H21
+












biphenyl-2-yldiphenylmethanol (S10):  Prepared according to 
procedure by Yoshida to yield a white solid.
 8
   
 
biphenyl-2-yldiphenylmethylium perchlorate (24):  Following 
General Procedure C, biphenyl-2-yldiphenylmethanol (0.54 g, 1.6 
mmol, 1.0 equiv) and perchloric acid (0.49 mL, 8.0 mmol, 5.0 equiv) 
yielded the title compound as a white solid (258  mg, 39% yield). 
1
H NMR (300 MHz, CDCl3) ! 7.80 (d, 2H, J = 7.2, Ar-H), 7.45 (d, 2H, J = 7.5, Ar-H), 
7.39 (t, 2H, J = 7.2, Ar-H), 7.31 (d, 2H, J = 7.5, Ar-H), 7.30-7.24 (m, 11H, Ar-H). 
13
C 
NMR (75 MHz, CDCl3) ! 151.4, 146.1, 140.3, 128.3, 128.3, 127.9, 127.6, 126.8, 126.4, 
120.3 65.7.  IR 3042, 3014, 1581, 1497, 1442, 757, 694. LRMS (APCI+) exact mass 
calculated for C25H19
+
 (M-ClO4) requires m/z 319.1, measured 319.4. 
 
General Procedure D for Rate Studies:  An oven-dried vial was charged with 
acetophenone (17.5µL, 0.15 mmol, 1.0 equiv), benzyloxytrimethylsilane (29.4 µL, 0.15 
mmol, 1.0 equiv), trityl catalyst  (0.0075 mmol, 0.05 equiv, added via stock solution), 
trichloroethylene (13.5 µL, 0.15 mmol, 1.0 equiv, as an internal standard), and 0.75 mL 
d-DCM.  The reaction mixture was transferred to an oven-dried NMR tube under argon.  
Addition of triethylsilane (24.0 µL, 0.15 mmol, 1.0 equiv) started the reaction.  The 
reaction was monitored by 
1
H NMR, taking a scan every minute for 8-12 minutes.  
Benzyl-sec-phenylethyl ether matched known spectra.
9
  Rate data was collected in 








perchlorate (31): (R)-(2'-methoxy-1,1'-binaphthyl-2-yl)lithium 
was prepared by the addition of tBuLi (1.7 mL, 2.9 mmol, 2.1 
equiv) to (R)-2-bromo-2'-methoxy-1,1'-binaphthyl
10
 (0.37 g, 1.0 
mmol, 1.0 equiv) in THF (10 mL) at –78 °C and stirred for 1 hour.  Following Following 
General Procedure B, (R)-(2'-methoxy-1,1'-binaphthyl-2-yl)diphenylmethanol was 
prepared using benzophenone (0.19 g, 1.0 mmol, 1 equiv) and (R)-(2'-methoxy-1,1'-
binaphthyl-2-yl)lithium.  The product was purified via flash chromatography using 5% 
ethyl acetate:hexanes to yield a white solid (0.34 g, 74% yield).  Following General 
Procedure C, (R)-(2'-methoxy-1,1'-binaphthyl-2-yl)diphenylmethanol (0.34 g, 0.74 mmol, 
1.0 equiv) and perchloric acid (0.2 mL, 3.3 mmol, 5.0 equiv) yielded the title compound 
as a white solid (95 mg, 17% yield). 
1
H NMR (300 MHz, CDCl3) ! 7.85-7.71 (m, 5H, Ar-H), 7.48-7.32 (m, 8H, Ar-H), 7.14-
7.01 (m, 7H, Ar-H), 6.84-6.82 (m, 2H, Ar-H), 3.45 (2, 3H, CH3).
 13
C NMR (75 MHz, 
CDCl3) ! 155.1, 148.3, 145.3, 142.3, 141.2, 132.1, 131.9, 129.7, 129.2, 129.1, 128.8, 
128.4, 127.9, 127.7, 127.5, 127.0, 126.7, 126.1, 125.8, 125.5, 125.1, 123.6, 117.6, 115.8, 
61.3, 57.4.  LRMS (APCI+) exact mass calculated for C34H25O
+
 (M-ClO4) requires m/z 
449.2, measured 449.5. 
 
(R)-N-(1-(2-(hydroxydiphenylmethyl)phenyl)ethyl)-4-methyl 
benzenesulfonamide (S11): A solution of (R)-4-methyl-N-(1-
phenyl ethyl)benzenesulfonamide (0.76 g, 2.7 mmol, 1.0 equiv) in 








was added.  After stirring at that temperature for 30 min, tBuLi (1.6 mL, 2.7 mmol, 1.2 
equiv) was added and the reaction mixture stirred for 4 hours.  It was allowed to warm to 
0 °C and stirred for an additional 30 min to prepare aryllithium.  Following General 
Procedure A, title compound was prepared using benzophenone (0.50 g, 2.7 mmol, 1.0 
equiv) and aryllithium.   The product was purified via flash chromatography using a 
gradient of 5-10% ethyl acetate:hexanes to yield a white solid (0.78 g, 63% yield).    
1
H NMR (300 MHz, CDCl3) ! 7.97 (d, 2H, J = 8.1, Ar-H), 7.33-7.05 (m, 17H, Ar-H), 
6.62 (s, 1H, Ar-H), 6.10 (s, 1H, OH), 4.64 (d, 1H, J = 6.6, NH), 4.46-4.37 (m, 1H, 
CH3CH), 2.22 (s, 3H, CH3), 1.33 (d, 3H, J = 6.9, CH3).    
13
C NMR (75 MHz, CDCl3) ! 
146.5, 146.0, 145.2, 142.3, 136.7, 133.9, 131.8, 128.7, 128.3, 128.2, 128.1, 127.9, 127.8, 
126.5, 83.1, 54.3, 23.6, 21.6.  IR 3406, 3322, 3049, 3021, 2965, 2944, 1581, 1449, 1316, 
1155, 1036, 966, 750, 694, 673.  LRMS (APCI+) exact mass calculated for C25H19
+
 (M-
OH) requires m/z 440.2, measured 439.5. 
 
(R)-(2-(1-(4-methylphenylsulfonamido)ethyl)phenyl)diphenyl 
methylium perchlorate (32):  Following General Procedure C, 
(R)-N-(1-(2-(hydroxydiphenylmethyl)phenyl)ethyl)-4-methyl 
benzene sulfonamide (50 mg, 0.11 mmol, 1.0 equiv) and perchloric acid (33 µL, 0.55 
mmol, 5.0 equiv) yield the title compound as an off-white solid (27.0 mg, 45% yield).  
1
H NMR (300 MHz, CDCl3) ! 7.71-7.65 (m, 3H, Ar-H), 7.45-7.25 (m, 4H, Ar-H), 7.12-
7.09 (m, 2H, Ar-H), 7.04-6.89 (m, 9H, Ar-H), 4.55 (q, 1H, J = 7.5, CH3CH), 2.31 (s, 3H, 







(S)-(2-(1-methoxyethyl)phenyl)diphenylmethanol (33):  A solution 
of (S)-1-bromo-2-(1-methoxyethyl)benzene (0.25 g, 1.2 mmol, 1.0 
equiv) in 9 mL THF was cooled to  !78 °C and tBuLi (1.4 mL, 2.4 
mmol, 2.0 equiv) was added and stirred for 2 hours at that temperature.  Following 
General Procedure B, title compound was prepared using benzophenone (0.23 g, 1.2 
mmol, 1.0 equiv) and aryllithium.   The product was purified via flash chromatography 
using 5% ethyl acetate:hexanes to yield a white solid (0.28 g, 72% yield). 
1
H NMR (300 MHz, CDCl3) " 7.57 (d, 2H, J = 7.8, Ar-H), 7.48-7.17 (m, 13H, Ar-H), 
7.09 (t, 1H, J = 7.8, Ar-H), 6.66 (d, 1H, J = 8.1, Ar-H), 4.72 (q, 1H, CH3CH), 3.91 (s, 
1H, OH), 2.73 (s, 3H, CH3), 1.34 (d, 3H, J = 6.3, CH3).    
13
C NMR (75 MHz, CDCl3) " 
148.0, 146.7, 145.0, 143.5, 129.9, 128.2, 128.0, 127.9, 127.5, 127.3 126.4, 83.2, 75.6, 
55.4, 22.3.  IR 3392, 3063, 2979, 2930, 2826, 1449, 1372, 1211, 1169, 1092, 1050, 1015, 
882, 847, 757, 701. LRMS (APCI+) exact mass calculated for C22H21O
+
 (M-OH) requires 
m/z 301.2, measured 301.2. 
 
(R)-N-(1-(2-(hydroxydio-tolylmethyl)phenyl)ethyl)-4-methyl 
benzenesulfonamide (34): A solution of (R)-4-methyl-N-(1-phenyl 
ethyl)benzenesulfonamide (0.32 g, 1.2 mmol, 1.0 equiv) in 12 mL 
of diethyl ether was cooled to !78 °C and nBuLi (0.48 mL, 1.2 
mmol, 1.0 equiv) was added.  After stirring at that temperature for 30 min, tBuLi (0.85 
mL, 1.4 mmol, 1.2 equiv) was added and the reaction mixture stirred for 4 hours.  It was 
allowed to warm to 0 °C and stirred for an additional 30 min to prepare aryllithium.  











(0.24 g, 1.2 mmol, 1.0 equiv) and aryllithium.   The product was purified via flash 
chromatography using a gradient of 5-10% ethyl acetate:hexanes to yield a white solid 
(0.17 g, 29% yield, two rotomers A and B).  
1
H NMR (300 MHz, CDCl3) ! 8.13 (d, 1H, J = 8.1, Ar-H, B), 8.01 (d, 1H, J = 8.4, Ar-H, 
A), 7.29-6.82 (m, 24H, Ar-H), 6.70 (t, 2H, J = 7.8, Ar-H, B), 6.64 (s, 1H, Ar-H), 6.55 (s, 
1 H, Ar-H), 6.36 (t, 2H, J = 8.4, Ar-H, A), 5.51 (bs, 1H, NH), 5.41 (bs, 1H, NH), 4.61-
4.57 (m, 1H, CH3CH, B), 4.46-4.42 (m, 1H, CH3CH, A), 2.20-2.18 (m, 12H, CH3), 1.78 
(s, 1H, OH), 1.38 (d, 3H, J = 6.6, CH3, A), 1.32 (d, 3H, J = 6.9, CH3, B).  LRMS 
(APCI+) exact mass calculated for C30H30NO2S
+





sulfonamide) (35): A solution of (R)-4-methyl-N-(1-phenyl 
ethyl)benzenesulfonamide (0.60 g, 2.2 mmol, 1.0 equiv) in 20 mL of diethyl ether was 
cooled to "78 °C and nBuLi (0.9 mL, 2.2 mmol, 1.0 equiv) was added.  After stirring at 
that temperature for 30 min, tBuLi (1.5 mL, 2.6 mmol, 1.3 equiv) was added and the 
reaction mixture stirred for 4 hours.  It was allowed to warm to 0 °C and stirred for an 
additional 30 min to prepare aryllithium.  Following General Procedure B, title 
compound was prepared using methyl benzoate (0.13 mL, 1.0 mmol, 1.0 equiv) and 
aryllithium.   The product was purified via flash chromatography using 10% ethyl 







H NMR (300 MHz, CDCl3) ! 7.64 (d, 4H, J = 8.1, Ar-H), 7.28-7.11 (m, 16H, Ar-H), 
5.51 (bs, 2H, NH), 4.53-4.44 (m, 2H, CH3CH), 2.41 (s, 6H, CH3), 1.45 (d, 3H, J = 6.6, 
CH3). 
 13
C NMR (75 MHz, CDCl3) ! 143.2, 142.2, 137.8, 129.6, 128.7, 128.4, 127.6, 
127.2, 126.2, 53.8, 23.7, 21.6. LRMS (APCI+) exact mass calculated for C37H39N2O5S2
+
 
(M+H) requires m/z 655.2, measured 655.0. 
 
(2-isopropylphenyl)(2-((S)-1-methoxyethyl)phenyl)(phenyl) 
methanol (36): A solution of (S)-1-bromo-2-(1-
methoxyethyl)benzene (0.23 g, 1.2 mmol, 2.1 equiv) in 9 mL 
THF was cooled to  "78 °C and tBuLi (0.8 mL, 1.4 mmol, 2.7 equiv) was added and 
stirred for 2 hours at that temperature.  Following General Procedure B, title compound 
was prepared using methyl benzoate (66 µL, 0.52 mmol, 1.0 equiv) and aryllithium.   The 
product was purified via flash chromatography using 5% ethyl acetate:hexanes to yield a 
white solid (91 mg, 46% yield). 
1
H NMR (300 MHz, CDCl3) ! 7.60-7.58 (m, 2H, Ar-H), 7.36-7.26 (m, 7H, Ar-H), 7.09-
7.04 (m, 2H, Ar-H), 6.68 (d, 2H, J = 8.1, Ar-H), 6.18 (d, 2H, J = 7.8, Ar-H), 4.87-4.75 
(m, 2H, CH3CH), 4.35 (bs, 1H, OH), 2.85 (s, 3H, CH3), 2.77 (s, 3H, CH3), 1.36 (d, 3H, J 
= 6.3, CH3), 1.35 (d, 3H, J = 6.3, CH3).   
13
C NMR (75 MHz, CDCl3) ! 147.1, 145.3, 
144.6, 144.1, 143.1, 129.5, 129.3, 128.8, 128.4, 128.2, 128.1, 128.0, 127.3, 126.5, 126.3, 
84.5, 76.6, 76.0, 56.3, 55.4, 22.3, 22.2. LRMS (APCI+) exact mass calculated for 
C25H27O2
-
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